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THE MYOCARDIUM—ITS BIOCHEMISTRY

Foreword

T IS TRADITIONAL both 1n the physio-

logic laboratory and in the chme, to
regard the heart as a muscular pump More
over i appramsing the performance of this
pump 1t has become customars to assess
separately the work of the right and of the
left ventricles a practice that involves the
measurement of the blood pressure developed
and the volume of blood ejected by each sen
tricle during systole From this bemody namic
approach has come not onlv the broad gen
eralizations about the behavior of the heart
1e  Starlhing 8 Law Bowditch s All or
None Law” and the Starcase Phenom
enocn ' but also the criteria for estimating
the capacity of each ventricle for performing
work as well as 1ts adaptabihity to different
work loads

However as 1t becomes clear that current
hemodynamic measurements per se promise
fewer and fewer broad generalizations atten
tion 15 turming to the brochemical and bio
physical aspects of heart muscle The heart
15 bemng scrutimized as a biologic engine for
transducing the chemieal energ) of metab
olism nto useful mechimeal work Leading
#nd directing this new approach are the
electron microscopists the biochemists and
the biophysicists whe bring lessons learned
from muscular and nonmuseular contractile
tissues to the study of the myocardium

Their first studies hatve succeeded 1 illu
minating certain featnres of myocardial fune
tion But these studies have alco emphasized
how little we know about the eoordinated

performance of the heart Indeed 1 the
sphere of cjordinated behavior, thev have
raised more questions than thev have an
swertd  How does the myocardial engme
worhf How 15 the chemical energv converted
mto m nanical energy? Is there a general
prmciple of eontractihty and how does the
myocir lum Nlustrate 167 What sets the con
tractile process nto motion? What 15 the
molecular bisis for electric chemical mechan
cal coupling?

These questions about the coordinated be
hastor of the heart muscle should not obscure
the wealth of observations and experiments
that preceded them Muscle has probably been
studied more 1ntensively than any other tis
ste Indeed such questions could not be
posed were 1t not for a host of antecedant
observations and experiments Unfortunately
only the future can disclose 1f the proper
observations were made 1f the proper exper:
ments were performed and 1f the proper
questions are being asked

Although this conference 15 deeply rooted
m classical physiology nearly all of 1ts topies
are products of moedern times This pont 15
eastly 1llustrated with respect to the energy
for muscular contraction Thus only 1n 1907
a1d Fletcher and Hopkins diselose that lactie
acid 13 formed when muscle contracts By the
1920s the time was ripe for Hall, Myerhof
and Fenn to consider, i a sy stematic fashion
the energy liberated by a contricting muscle
By 1930 1t vas clear that (1) mjosmn 1s
part of the contractile machinery of muscle
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SIMPOSIUM ON THE MYOCARDIUM

(2) the energy expended during contraction
derives from the breahdonwn of glycogen mto
lactic acid and (3) creatine phosphate and
ATP are present 1n muscle During the 19305
the role of creatine phosphate was elucidated
and parallels were drawn between glycolysis
mn muscle and aleoholic fermentation Not
until the 1940s was 1t shown that (1) myosmn
catalyzed the sphtting of ATP (2) actin and
myosin were separable and (8) the contrac
tile behavior of muscle could be mrmucked
m vitro In the same decade the electron
microseppe was also first applied to the vis
ualization of the ultrastructure of heart mus
cle In the 1950 and 1960s attention has
been focused on the intracellular molecular
sources of emergy for contraction and on
models that are designed to account for the
behavior of contractmng muscle m vivo

This outlize of a steady progression from
larger to smaller units has skipped the un
certamties that haunt the molation of cellular
mgredients from their natural surroundmgs
Is the final preparation typieal of Ining mus
cle or 1s 1t an artifact of synthesist What
does the behavior of the conmtractile thread
or the 1solated sarcomere mean for the behav
1or of intact muscle? Mephistopheles recog
nized that to comprehend a Iiving thing past
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any doubts 1t 15 necessarv to cancel first
the living spirit out  But how does the final
analysis take into account the lwving hnk
jou banned ? How relevant 1s the behavior
of skeletal or smooth musele to the behavior
of heart musclef Is there a general law of
contractiity that 1s epitomized by the behav
tor of heart muscle? How meanmgful are
the t and ph; )i 1|
models for the understanding of lving
musele?

The time 1s not yet ripe for answers to
may or possibly to anv of these questrons
Nor was this meeting arranged to provide
such answers Instead the meeting has more
arcumseribed goals to set questions that
await solution alongside of the observations
that have led to ther formulation to en
courage mvestigators to illuminate boundarres
between different interests so that these boun
dares mav be crossed to allow the un
mitiated to peer at musele through the disea
plined eyes of seientists devoted to the studv
of muscle and hopefully to help to shape
2 question or two that might otherwise have
remamed amorphous

Avrrep P Pismvan M D
Guest Editor

Muscle as a Contractile Tissue

1t must not be supposed that muscles operate by any umque mechamism mnot repre
sented 1 other contractile ¢ ssues The funlamental mechamsm of contraction 1s presumanly
the same m all tissues but n museles a1t 18 less ob cured by other functioms such as
d gestion sbsorpt on and excret on and 1t 1 easier to measure the forces developed easier
to observe the physieal changes whch occur and easer to determine the ehemacal mature
and quantities of the reactants and end products of the chermeal processes nvolved —W @
Fenn Sectwon on Contractlity n R Tiober Physwal Chemstry of Cell and Tuswues

Philadelphia  Blalaston 1945 p 447



I Ultrastructure

Chairman Charles £ Kosam

m MD

On Smallness

By Ctarues F ko

Y WAl OF INTRODUCTION to the
material on Ultrastructure to be pre

sented m this mitial portion of the Sympo
siam on the Mvocardmum a few remarks on
the general problem of Smallness are in order

When one probes a little into the screntifie
realm of the previously unseen come para
doxes and apparent inconsistencies are en
countered that make comprehension by the
unmtiated a hittle dffienlt T will attempt
to share with vou 1 or 2 of the personal
problems encountered in learning about tins
strange new world whick 1 hope may imple
ment vour own understanding of the exert
g presentations about to be made

We might begmn with the word Ultra
structure 1tself ¢ Ultra 1s a prefix that,
1n the Latin from which 1t 1 borrowed means

beyond ' ¢ Bevond structure by itself 15
relativelv meamingless but perhaps those who
comed the word had 1 mind a structure
bevond something That someting 15 vis1
bilitv and for purposes of defimtion wsibil
it even when augmented with a compound
light microscope

Ultrastrneture then 15 really a contraction
of ultramicroscopic structure’’ meaning that
it 1s substance of such small size as to be
bevond that which can be seen with & light
microscope Despite the defimition a miero
scope 1 1ndeed uced Dut 3t 15 a special type
availible for bards 2 decades but neverthe
less now quite familiar to most morphologists
Tt 1s the electron microscope !

Ham1n curiositv naturalls prompts one to

From “ew York Uniser ity Sehool of Medieme
Aew York New York

A "
ash 1 s [ ' cope duffers zrom
wordn - re Doth ntilize the
refri 1« n one the refraeted
Tieat st r a stremm of elee
troo Wi gt ¢ wsinvoled are m
ety . fu a ngularly surprising
Asce g o the effect that in the
field (£ 0 ) 1epac a dualism exists which
on tt iwf e 4 jeast appears to be a

paragos Tae e “ren 3s regarded not only
as a partieke 1 2o as a uate Further
and mwo t 1w, ~t from the mmeroscopst s
ponr of v1ew the wave has a length that 13
onlt a frution o the length of an ordinary
hight wave Basienlly ot 15 this dufference in
wave len_ths that accounts for the different
resolvirg powers of the 2 tvpes of miero
seopes under diseussion For the hight micro
seope the himt of resolution for tissues 1s m
the neizhborhood of 025 micron of an elee
tron microseope 20 to 30 A Under 1dea] con
ditions then the resolving power of the latter
15 100 times greater than of the former In
the bialogic serences 1t 15 the new anatomc
realm revealed by this superior performance
of the electron microseope that constitutes
what 1s now known 1s Ultrastructure

Tt might be appropriate at this pomt to
recall the measurcments used in defiming de
grees of smallness Justification for repeating
these elementary measurements 1s the pre
sumption that most of you do mot use the
electron mieroscope m vour eversday actimi
ties

Imm = 10600z = 10000000 A
Another wav of s331ng this is that
0001 mm = n= 10000 &

€ latom Vol m AXIV A gt 1967



ON SMALLNFSS

By way of a munor but purposeful di
gression 1f the problums of wave mechanies
and theory as apphied to the electron mero
scope are stuched 3t 1s learnud that the elee
trons n the beam heng pirtides hieve en
ergy dufined by Einstein’s well bnown rela
tion for the equivalence of msy mad enerdy
namely

L= me

The equation has relevanre to more than 2
beam of elcctrons To the physiest st demon
strites amone atlwr things the important
concept of varation of miss with veloaty
To the tiologist 1t su .ests, 1f it s correct
thit cventually the division hetwern struc
ture angd functwn must become nirrow
deed As this sympesium wends on all of us
wil probably become wware of the consider
able deerexse in the gap between structure
and function that has resulted from the omg
nal imvestigations about to be presented

In consudering the degrees of s naliness with
which our distingmished spethers on Ultra

321

strurture Nve concerned themselves one
wonders what will be the next order of mag
nttade to be studied Tt a3 obvious, for ox
ample that pores esist w membranes which
cannot be seen even with the electron miero
wepe  What will be the eientual extreme
of ymble smalluess? How small s mfimitely
smal}¥ What 1 the imut of smailness of whick
man s mund ran concewved In such frustraung
questions as these ean by recogmized the sub
strate for a ness type of nenrosis among ultra
mirosecopist  and perkaps among all bidle
Lists But tins theoretieal occupational disease
need not coneern us at pre ent There 13 too
mnch yet to be learned abont ultrastructure
now wvisthle and ot 33 about tlus ag found
m the mvocardium that we will hear this
mornmg
References

1 T C ¥ Totroduction to Dlectron Blieros

cory New Yotk McGraw Hill Book Co 1853
~ S0LoMoN A K Pores i the tell membrane

Serentific American 203 146 Tec 1960

One Tife

TFour decades of researeh kavo ) ft no doubt wn the anthor s wind that th v 13 enly onu'

Ue avd one Lmng mat ez however 4 fleremt ity atructure

colorful ita functions and

vaned 1ts appraran ¢ We are all hut recevt leaves on the sae old tree of Life and even
3 this Lf has adupted 3ts I t mew fupetiona ard conditions it uses the same old basme
Frneiples gver and over agmn There :s no yeal difference between the grass and he who
mows 1t Tre mu tlrs whiet move th mower n ed the very same 110 sulstances for th i
motion a8 the griss neeus foT s griwth po zes um and phosphat  the two substances we
pot on our fawa «s £ 71 €r 50 a3 to hate somefling to Mow~—a stikingly simpla demonstr,
ton of the basc uiity of hming Nature ~A Sz ntGyorgvi Chemustry of AMuscular Con

traction E1 ® “en York Academy P ess Ine
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The Contractile Structure of Cardiac and Skeletal Muscle
By H E Huxtey, PEHD

Previous findings that bave led to the

shding filament model for striated muscle are

remewed together with some recent observations on isolated filaments produced by a new

procedure

The base structure of the conmtractile apparatus in skeletal and 1 eardimae

muscle appears to be identieal The relation between certain special features of cardiae

muscle gnd 1ts structure 13 dseussed

SHOULD LIKE first of all to review

very briefly the pieture we now have of
the fine structure of striated muscle This
will be very fambar to many people here
Lut I hope to mention one or two new pieees
ot evidence to mamtan thewr interest It
will be useful to set ont this preture again
I believe since manv of s features are
estabhished with a rather hih degree of cer
tamnty and have been accepted by ats origmal
opponents 1t 18 therefore lihely to be both
profitable and farly correet to thmh of
muscles in these terms when trying to
explam their various properties The features
T shall deseribe appear to be common to both
cardiac and sheletal muscle

Review of Structural Observations

The starting pomt in deseribing the fine
structure 1s the well known appearance of
the cross striations 1n these muscles 1llus
trated m figure 1 This shows the character
wtie alternation of dark and light bands
along each of the myofibrils the dense
Abapds and the less dense Ibands TIhe
1 bands are bisected by the dense Z line and
the A bands often show a less dense zone
m the center kmown as the Hzone The
myofibrils are also composed of longitudinal
filaments and when very thin sections are
examined (fig 2), 1t becomes evident that
1t 15 the arrangement of the filaments that
gives mise to the pattern of strations as
Dr Jean Hanson ard I suggested on the
basis of light microscope observations and
the earlier electron micrographs® There are

From the Blophysies Department Umvermity Col
lege London England
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2 types of filaments present, organized mto
a sertes of overlappin, arrays along each
fibril arravs of thicker filaments formmg
the A bands and arrays of thinner filaments
bemng present in the Ibands The thinner
filaments extend into the A buds but at
rest length do not quite reach to the center
leaving there as 4 result the somewhat less
dense H zone The thich filaments have o
diameter of about 100 A and lie 1 a hex
agonal array about 450 A apart they are
each about 15 mucrons long the length of
the Aband The thin filaments are about
50 A n drameter and extend approxumately
1 micron on either side of the Zline At
resting length each sarcomere (Z to Z) 1s
about 23 microns long so the width of the
H zone 1s approximately 03 micron

Cross bridges extend between the thick and
thin filaments Each thin filament 15 con
nected to each of its 3 neighboring thick
filaments by 2 bridge every 400 A along the
length of the overlap region giving it a
total of about 54 bridges at resting length
The total number of bridges im 1 ec of
muscle 15 of the order of 5 X 10 Tt 1s very
plausible to suggest that the bridges prowide
a means by which chemieal and mechamical
mteraction can take place between the arrays
of filaments

Musele fibrils ean be disintegrated mechan
1cally 1 the presence of agents that weaken
the forees of attachment of the eross bridges
When this 1s done the structure breaks down
mto (1) 1solated thiek (100 A diameter)
filaments mnearly always 15 microns n
length showing projections remmiscent of
the cross bridges seen 1n 1ntact muscle

€ uaton Vim XXIV Ao 1381



CONTRACTILE STRUCTURE OF MUSCLE

Figure 1

Low magmfication electron micrograph of thicher section of rabbt psoas muscle showm,
& number of myofihrdls near the edge of o fiber A band dense I bands less dense ang

busected by Z lme X 27,000

(2) 1olated thin (50 A diameter) filaments
sometimes 1 mieron long and sometrmes
apparently brohen 1inte smaller lengths
(3) groups of thin filaments still jomned
onto a Zline forming an I segment
about 20 mcrons mn length and (4) ouca
sional groups of thin and thick filaments
lving sde by sde and seemingly jomed
together by cross bridges These varrous
structures are illustrated i figures 3 4
and § their appearance provides a new
form of confirmation of our previous con

Ci laton Vim XXIV A gust 1961

clusions Thev also provide a new type of
experimental material both for electron m
croscopy and perhaps for biochemieal studzes
also
Now let us consider the com

the filaments At present therepu::-te‘m:e:f
strong reasons for believing that the '.hlely{
filaments contain all the protein  myos,

that 15 present i the musele while the seco, 3
prinapal struetural protemn aetin uccursn

the thin filaments Solutions known to dm
solve out myosin from the musele select:r;;
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Figure 2

High magmfication picture of thin section of rabbit psoas muscle showng arrangement

of thick and thin filaments X 150 000

will dissolve out the thich filaments? 2 leav
mg the arriy of thm filaments belund 1
process that can be observed mn the light
mucroscope as the disappearance of the dense
Abands Subsequent extraction of aetin
drssolves away most of the material of the
thin filaments These observations have been
put on a quantitative basis by the use of
the mterference mrcroscope3 ¢ The amount
of matersal 1n the A bands arsing from the
presence of the thick filaments verv closely
approximates the amount of myosm present
and the amount of materi1l removed from the
A bands 1s quanbitativels equal to the amount
of miosin that could be extracted from the
same type of preparation by large scale bio
chemical techmies More recently Perry and
Corst have <hown that the selecttie removal
of aetn and tropomvosm remeves the I band
mater1al leaving the A bands (and all the
ATPase activity 1nd henee presumably the
myosin) mfact

The changes that take place in this

structure during changes m the length of
the musele can be mvestigated by lght
mcroscope observations as changes 1 band
pattern These show® 7 that during streteh
and during shortening, active or passive
the two sets of filaments shde past each
other there being no substantial overall
change 1 the length of any of the filaments
untsl 1t 19 brought about by sterte factors
i more pronounced degrees of shortenmg
(eg when sarcomere length decreases below
the length of the A bands) When the actmn
filaments bave come together m the center
of the sarcomere further shorteming seems
to cause them to slide past each other giving
the double overlap effect illustrated
figure 6

These observations and others lead us to
think that the system must function in the
following wav In the resting state the
eross bridges which are projecting parts of
the myosm filaments do mnot attach to the
actin filtments which ave therefore free to

C Wt n Vol me XXIV A g taser



CONTRACTILE STRUCTURE OF MUSCLE

slide past them easily This accounts for
the high extensihility and relative plastiety
of resting muscle When the muscle 1s active
the cross bridges can attach to speetfic sites
on the actin filaments for a brief period of
time durmg wiich a relative foree and if
the muscle 1s allowed to shorten =z relative
movement are generated between the 2
types of filament in some way at present
unknown The bridge then detaches and 1s
free to form another attachment further
along the actin filament 1f movement has
tahen place Each bridge will perform a
number of such cycles while the musele 1
active {(about 5 during a single twitch) the
ener,y required for the process bemng hb
erated by the sphtting of the substrate
(probably ATP) by the ATPase of the
myosin Vhen activity 15 over the brdges
cease to attach to the actin enzyme actnity
comes to an end and the muscle returns to
the resting relaxed state When the muscle
passes 1nto rigor (2 eonditron characterized
by the alkence of ATP) the cross-bridges
become permanently attached to the actin
filaments and the muscle 15 mgd and inex
tensible for the filaments are not able to shde
past each other

Important Features of the Model

RBeviews of the large amount of biochem
1cal and phystoloic data available concern
mg striated musele and the struetural model
that has been described have already been
published 1 extenso ® ® 1 Here we will
mentton briefly only 3 particular points
that seem worth wiile to emphasize

1 The system can develop a range of
different tensions depending upon the num
ber of cross brid_es that are active simul
taneously For a given load the system
shortens with a particular veloeity of short
emng (rather than say a partienlar accel
eration) such that the number of bridges
actively developmng tension 1s just sufficrent
to bear the load The ratehmting factor
the system 1s the rate at which unattached
bridges can become attached agam and
develop tension as a given active site on the

G culaton Vol me XXIV A oust 1961
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Figure 3

Tsolated thick filaments 15u wn length prepared
by blending glycermated muscle wn the presence
of a relazmg agent (EDTA + ATP) Spees
men prepared for electron macroscopy by megative
staiming techme X o0 000

actin moves past the bridge there 1s a certam
length of tume available for this process to
take place the faster the movement the less
the chance of attachment to a particular
site and the lower the tension at any gien
moment of time Thus when shortening
under & partienlar load the system will
settle down to an equilitrium velogity at
whick the rate of formation of new links
1s Just equal to the rate of opening of
formed hinks that have already exerted therr
pull on the actn filament

2 Energy release by the enzyme sitg 35
activated by the attachment of the cross
bridges to the actin filament Thus the
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Figure 4
Isolated I segment (array of thun filaments) prepared as wn figure 3 X 60000

number of fully active sites 1s controlled by
the tenston 1z the muscle, and the rate at
which those sites repeat their cycles of
actnity 1s controlled by the veloeity of
shortening The system therefore has the
possibihty  of behaving economiecally, 1e
releasing more energy for a giien distance
of shorteming when 1t 1s shortening against
a larger load This 15 a very important
feature of the behavior of real muscles One
can see 1 a general way how such a system
might give mse to the type of behavior
characterized by the Hill equation
(P+a)V=(P—-P)b

where P = actual load P, = 1sometrie
tension V = veloaity of shortening a =
constant (heat of shortemng) and b = con
stant The left side of this equation gives
us the total rate of energy release required
to do external work and produce shortemng
heat (assuming that mamtenance heat can
be accounted for separately) The right side
contains the term (Py — P) which 15 pro

portional to the number of wunattached
bridges If the attachment of such bridges
1s the rate imiting step as we have assumed
then the model could quite naturally give
rise to this equation A more elegant and
complete account of the mechanmeal and
thermal propertres of striated muscle 1
terms of a partrcular version of the shiding
filament model has been gien by A F
Huxley ?

3 It 15 not necessary to postulate that cach
eross bridge generates a pull over a distance
comparable to that separating successtve
eross bridges between 1 given pair of thick
and thin filaments or between successive
active sites on the actin filaments All that
1 necessary Is that the actin filament shall
be drawn along such a distance befwcen 2
suceesstve operations of a grven cross bridge
and this movement can equally well be
achreved by small movements—say of 5 A—
produced successively at 10 other eross
bridges As any gnen actin filament has
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CONTRACTILE STRUCTURE OF MUSCLE

about 54 bridges direeted toward 1t in each
half of the A band, this can be achieved qute
wasily still leaving the posmibihity for up to
o brid.es to be actmg m parallel at any
given moment to permit the varation m
tinsion and rate of energy release with
velouty of shortening that we have already
described

Special Features of Cardiac Muscle

Although the essential features of the
contractile structure and its behavior appear
to be the same i cardiae and skeletal muscles
there are a few pownts at which differences
oceur that mav be sy mficant Probably the
most obvious one 1s the presence of very
large numbers of mitochondria n cardiae
museles as compared to skeletal muscle no
doubt assocrated with the abihity of the heart
to funetion continuouslv over very long
period of time weithout intervals for reeov
ery

The second feature 13 the eomparativelv
small diameter of heart musele fibers (as
small as a few mierons) compared with those
of shkeletal musele which are most commonly
50 to 100 muerons in diameter The latter
arc usually provided with quite an abundant
reticulum 1e a svstem of ternal mem
branes n each fiber and these are believed
to be concerned n relaying the signal for
contraction 1mto the interror Such a reticn
lum 1 erther very sparse or seemingly absent
i many of the heart muscle preparations
that have been examined a pomnt of differ
ence that i view of the apparently different
membrane properties of eardiac muscle
deserves further study

Another rather puzzling feature of cardiac
musele 15 the relatively low tension per umit
area which 1t will develop only about
one tenth that of skeletal muscle aceording
1o 2 recent studies '~ Some of the differ
ence may be accounted for bv the greater
fraction of the crow-» sectional area oceunpied
by mtochondma 1n the eardiac muscle—per
haps a factor of 2 difference might oceur for
this reason—but a large factor stil rematns
and there 15 no obvious reason from the
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wisible structure to account for yp 1t may
of course result from different enrymatic
properties of cardiac actomyosm This 15 &
difficult  hypothesis to mvestigate, as the
enzymatic properties of gl acéom)osms
seem to be rather low in Lomparisan with
what one would antieipate from the
energy output of the mus
they were obtained

maximum
cles from whch



L o O o —
- e R T g it izl i
L T aa Fa SN T g T A AT
F Sy BRSSP -
B I AT -t .Li'-il,t::
Lt L St O R A APy he!
TP P TrrndV g )
"’-/:“ . ia Eve g AT WL T
A

Fal
-

~ 3 Loraam . 2

EA v . Z . v o POAAE T iy

fortien Wy P oYMy ge Blg [P LIVESSL & A
W ":57 et o w Srr, Py 7!'&“ S o L et (O iy

T v
PS4t I - Yo~ BOE B el S A
N e R s WLy i L o Foia ey 6 AN T
3 [ P .«:44, W”“-;;;f‘n-fl"w—“‘”,l* o g ¢ Y
ﬁa."",l;‘ o ,‘m\ﬁfﬂ;\ ARSI e e ’/\_».‘,;,(bu; \-v-’;
T e o Ty ARty T A A R
et f,'-:ii'lif&‘s' N et IR RN T ol ekl
I e
“

v
§ PRV 0 AR XA A % '
,‘(,,‘.:;'“ et § ‘%‘::f‘ R JLT O Pk () ”f';’:\’lw’c’—

| v % S P T ORI R

. < ,2;:« ;:,,m?\,._.w b L ‘,;_y‘ - - ,‘:'»-* e ()“
AN R T E (V) Pl vty -

B wr S r w  g IOV LA a1

F2N < %, x nd -,

I~ »;",:;‘.’?_raqmzlu'::ﬁ,.",’;’;": et T o e iy, & 3
S INKA R TR IR SRR T TS R TS A S A
Yigure 6

Heatily contracted musde showing double oterlap of thin filuments X 150 000

A fourth featuie of cardiac muscle that above and reaches a peikh only after a
distinguishes 1t from sheletal musele 15 the streteh of about 30 per cent? This effect
nature of the actne 1sometric length tension might be explumed 1f the sarcomeres of
curte 1e that showing the merease i cardiac muscle at restuig length resembled
tension over resting temsion wien the muscle either 1 the extent of overlap or mn the
1 active In skeletal musele tius curse factors that produce the decrease m tension
exhibits 2 maximum around resting length at length below rest length those of sheletal
(which lies very close to the greatest length muscle that had shortened by about 2o per
at which the musce develops zero resting cent

tension) \s the length of the muscle 1s Peferences
mereased beyond resting length the actnne 1 Mavsow J awp Hoxesy W F  Structaral
tension decretses an effect that has been Lasis of the eross strations in muscle “ature
explamned by IHuxlev and Niedergerke® as 172 30 193

Hassersacat W Elektrounukroshopisehe Unter
suchungen an Mb kelfibnll n bes totaler und
partieller Fxtriktion des L Myouns 7tselr
Naturforsch 8b 440 1933

resulting from the decreased length of the -
reoton 1 whick actmn and msostn filaments
overltp and can form eross inks with each

The factors that cause the tenston to
other below resting lenoth ae Ln * Huxtey H F a\p Havson J  Quantitatise
decrease g lengly are unknown stulis on the struture of crossstriatel
In cardiac musele however the active tension 1 eatig by
wnereases as the length of the musele 1s miero copy  Piocim et | ophrs aeta 23
wnereised besond resting length s defined °9 19
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The Sarcoplasmic Reticulum of
Skeletal and Cardiac Muscle

By Do~ W Fawcerr MD

This piper traces the development of our present eoncept of the stryctural organization
of the sarcoplasmic retrculum in sthated musele and revews the physiologie evidence for

s prrterpation fa mpulse

Comparative observations are presented

showing that this system of membrane hmted tubules 1s partieularly well developel in
exceptionally fastacting skeletal muscles These findings are interpreted as ewidence sup
porting the bypothesis that the reticulum 1s imvolved 1n the eouplng of eseitabon to
contraction but 1t 1s considered lkely that it also has other important functions yn musele

The

of cardiae muscle s found to be much less

extensive and less precisely arranged in relation to the cross banded pattern of the myofibrils

than 1t 13 1n skeletal muscle It 13 beheved nevertheless

that it may prove to have a

sigmficant role 1t the physiology of the myocardmum

MONG THL MOST SIGNIFICANT re
eent morphologic contributions to our
understanding of muscle have been the dumon
stration by Huxley and Hanson! that the actin
and myosm of the myofibrls form two distinet
sets of mterdigitating filuments, and the de
scription by Bennett” and Porter and Palade?
of the sarcoplasmic reficulum a submiero

Historrcal Considerations

Delicate mtracellular networks surronndng
the myofibrils were observed over half a ren
tury ago by Thin ¢ Retzrus, Verattr® and 1
few other able cvtologists i preparations of
muscle stamed by spectal metal 1mpreguation
methods However the membranous nature
of this system 1ts continuity throughout the
ot and ats exact relationship to the

seopre plexiform system of 1 bounded
tubules that occupes the imnterfibrillar spaces
throughout the muscle fiber The first of these
diccoveries has formed the basis for a new
and now widely accepted shdmng filament
theory of muscle contraction and the second
has defined a new orginelle in the sarcoplasm
that may play an important role iz the cou
pling of exaitation to eontraction

We propose to review the ewdence for the
current belief that the sarcoplasmie retrenlum
mas be involved mn mtracellular ympulse con
duction and then to present some comparative
observahons on the orgamzation of this system
of membranes 1n certamn examples of skeletal
and cardmac mascle that have unusual physio
logic properttes

Trom the Department of Anatomy Iarvard Med
eal School Boston Massachusetts

This research was supported 1n part by Research
Grant RG 67°9 from the U 8 Pubhe Health Bervice
and by Grant G12916 from the “ationsl Science

Foundation.
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contractile elements could not be fully appre
crated with the i, ht microscope The reticu
lum therefore aroused the mterest of very few
nmorphologists and was quite unhnown to
phystologists until 1t was rediscovered a few
jears ago by Bennett and Porter 7 Andersson ®
and Porter and Palade® mn electron mero
graphs of skeletal muscle

In these studies electron mcrographbs of
thin sections passmg tangental to the myo
fibmls often revealed a plexus of smooth sur
faced tubules closelv applied to their surface
From the examination of large numbers of
muerograpbs of Amblystome muscle Porter
and Palade arrived at an mierpretation of the
distribution of the sarcotubules that is pre
sented diagrammatically n figure 14 The
tubules overlymng the A band of each sar
comere are predormmnantly longitudinal 1
their orzentation but commumcate laterally
with ane another m the region of the H band
At the ends of each sarcomere the longitud:
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TFigure 1
A Diggrammatic wnterpretation of the orgami aticn of the arcoplasmic reticulum 1n
shel tal muscle of the salrmander Amblystoma punetatum Each myofibril 1s surrounded
by a pleziform ssstem of tubules The tubules oterlung the 4 band are predomwantly

m their ory 2 but

fre tu wn the region of the H band

At th  ends of each sarcomere the longitudinal tubules of the reticulum are confluent
uith dilated trinsierse channels call d termmal elsternae  The compler oriented trans

v rsely ot the Z hand consisting of . terminal eisternae and an wmtermediate yow of
mall vesiles or hort tubul s 13 referred to as a triad B Diagram of the sarcoplasmsc

reticulum of rat carding muscle The loose metwork of sarcotubes shows le s regional
differentiation i selation to the cross banded pattern of the myofibrils The terminal
cisternae are small and typieal triads are uicommon (From Bennett I § TIn Muscle
1ol 1 WNen York Academic Pr as Ine Redraun from Porter and Palale )

nal meshes of the reticnlum are eonfluent with
dilated tramsverse channels called termunal
eisternae  The terminal cisternae of sue

ated with 1t 1 glandular eells and 1t was dis
tributed 1 a very preeme relation to the
cross banded structure of the myofibrils This

i tion to several investiga

cessive segmental units of the T are
situated on either side of the Zband sepa
rated by a row of small vesicles The complex
eonsisting of two terminal eisternae and the
termediate row of vesicles 1s Teferred to as
a triad of the retienlum TIn Amblystome
muscle these are oriented transversely or cir
cumferentially with respect to each myofibril
and are located on either side of the Z line
This system of sarcoplasmic tubules was
terpreted by Porter and Palade as a special
form of the endoplasmic reticulum an organ
elle that they had described earlier it 2 wide
vanety of other cell tvpes In musele how
ever the retienlum lacked the mbonucleopro
y assocy

tewn particles or rib
€ iatem Vol m XXIV A gust 1361

torse 3 8 that the retieulum might have a
special role 1 muscular contraction possibly
providing pathways for preferential diffusion
of metabolites or imtracellular spread of exer
tation

Physwologie evidence tendmg to support
this latter speeulation was soon provided by
the mgenious expermments of Andrew Huxley
and Tavlor® These investigators were con
cerned with the mtracellular mechanisms
wherebv contraction of myofibrils deep 1 the
mterior of the musele fiber 15 coupled to ex
eitation of the surface membrane In 1918
A V Hill' had concluded from considera
tion of the rates and distances mvolved that
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the latency of response 1 sheletal muscle 15
much too short to be accounted for by the
inward diffusion of a hypothetieal activating
substance from the sarcolemma to the con
trictile elements Approachmg this problem
with new methods Huxley and Taslor ap
plied 2 microelectrode to ifferent points on
the sarcolemma of single frog muscle fibers
under direct observation with an terference
mieroscope (fig 2) When the tip of the mu
cropipette was over the Iband (fig 24)
passage of current was often followed by con
traction of the adjacent half sarcomeres (fig
2B) bnt no response w1s obtuned when the
stimulns was applied over the A band (figs
2 € and D) These results snggested that
somc structurel component located 1n the T
band wis responsille for the imward spread
of excitation  The possibility that 1t was the
7 band 1tself was considered but this had to
be abandoned when similar experiments on

B samemscretve ¢ g pos age
s colemmo ofc ettmognectd Theto
) ce t holt socome s o d by

FAWCLT1

Figure 2
Dragrammatic representation
of the experyments that ug
gested that some structural
component located at the I
band of frog sheletal muscle
was responsible for the
ward spread of excitation
Strmulation with the wmicro
electrode over the I band of
ten resulted 1 contraction of
the adjtcent half sarcomeres
whereas no contraction re
sulted from <ttmulation at the
1 band (Draung based on
ddlustrations m the paper by
Tuzley and Taylors)

4 olcie toet

lizard muscle showed that the sensitive spots
on the sarcolemm2 1n this species were not
at the level of the Z band but over the A band
near the A T junction Electron mreroscopre
studies on the musecles of these two species
rerealed that the trinds of the sarcoplasmic
reticulum tre situated at the 7 band n frog
muscle but at the A T junetion in hzard mus
cle The close correspondence between the
positien of the triads n the retienlum and
the level 1n the sarcomere of spots sensitine
to direct stimulrtion with 1 microclectrode
strongly suggested that the impulse mi ht be
conducted mwird by the membranes of the
sareoplismie reticulum  This  then 15 the
Tustorrcal bikground from which our own m
terest 1n the sircoplsinie reticnlum developed
The Sarcoplasmic Reticulum of
Fast Acting Skeletal Muscles

If the sarcoplasmie reticulum 1s nyvolved
m the coupling of excitation to contraction
Ci Ilon Vol me XXIV A g ¢tisa1
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Longitudwat scotion of the sound producing muscle s th  suimbladder of the foadfi h
Op anus tau In this wnusually fast wting muscle the sarcoplasmic reticulum s ex
ceptionally well developed There are « iriads to each sarcomere length located oyer
the A band near the A I yunctions Longitudinal tubules extend in esther direction from
each trial toward the H and touard the Z banl re pectively The longutudinal elements
of the reticulum are continitous over the H bund but often uppear to be mterrupted at the
Z banl (see at arrous) (Electron microaraph by Dr J P Revel )

on mght expect to find differences m 1ts or 300 stimult per second to tetanze? Simee
wanization or 1s degree of development n the fine structure of this muscle has been de
muscles havmg daffercnt spoeds of contraction seribed 1 detarl 1 a separate publieation 13
With this 1n mind Dr Jean Paul Revel and only a brief account of 1ts \alient features will
1 have studied the reticulum of some partie be presented here The fibers are of large
wlrly fast acting musdles dhameter Their myofibrils are flat ribbon like
The first of these 15 a muscle that forms an structures arranged radially around a central
cquatorial band around the swim bladder of core of sarcoplasm to form a thiek v alled con
the eommon toadfish Opsanus tex Ramd tractile cvhinder Mitochondma are seldom
<ontractions of this muscle set up vibrations found between the myofibrils Instead they
mn the taut gas filled bladder that producd are located erther 1n the core of the contraetle
tht gudible sounds mide hy these fish when evlinder or 1 the superficial Inyer of saren
thev are courting or when otherwise disturbed plasm around 1ts periphery  The narrow
Th1 musele 1 said to attamn 1ts peak contrac clefts between the broad faces of the myo
tiom 1 only 5 to 8 myee M and requires some fibrils are occupred by a Iughly developeq

C Waton ¥ Im XYIV A guat 1981



FAWCETT

4

] ¥

(R

Fignre 4
Electron micrograph of a thin section passwg through toadfish muscle parallel to the
broad fa e of a myofibrl The triuds are seen runming across the myofilaments parallel
to each other and to the Z band Crowding and superimposition tend to obscure the
plexifor nature of the reticulum between the successie trads The middle element
of the triad which appears here as a row of small vesicles s actually a contnuous

slender tubule

sarcoplasmie reticulum The ribbon like myo
fibrils present their narrowest dimension in a
lonmitudimnal seetion throu,h the wall of the
contractide eylinder (fig 3) There 1s a long
A band and 1 rather short I band and these
are preesselv aligned across the entire width
of the fiber The reticalum n the mterfibrillar
clefts 15 extremely regular 1n 1ts erganization
and shows two triads 1n each sarcomere length
These are mvariably located near the Al
Junctions where the two interdigitating sets
of filaments described by Hugh Huxley ™ are
presumed to shde with respect to one another
during muscular contraction The triads run
transversely across the broad face of the myo
fibrils and radially with respect to the con
tractile cylinder as a whole Thus in most
longitudinal sections of the muscle fibers the
triads are seen 1n cross section (fig 3) Each

consists of a slender intermediate tube ap
proxtmately 30 mp in diameter flanhed by
two larger cisternae about 110 mp across
The longitudinal tubules connecting succes
stve triads run parallel to the myofibrils and
anastomose freely to form retteula m two or
more layers that are closely applied to the
surfaces of the adjacent contractile elements

Sections passmg through the interfibrillar
elefts i which the triads are cut longrtudnal
Iy as they traversc the broad face of the under
Iying myofibril provide a more extenstve view
of the retieulum (fig 4) ) In this view the
mtermediate element often appears as a row
of vesteles but 1n the best preserved speer
mens 1t seems to be a continuous tubule In
the intervals betwecn triads the plesiform
nature of the longitudinal elements of the re
ticulum 13 often obscured by superimposition

C edaton VIm XXIV A gust 1961
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Figure 5
An electron we rograph of & section passing tangenhal to & myofibrd i the cricothyyoud
muscle of the bat Myotis lneifagus In this fast acting mommalian muscle too the sarco
plasmic reticulum 13 far more elaborately developed than wn slower muscles The triads
are tocated at the A I gun tions and the Jougstu nal sarcotubules seem fo be contmuous
across the Z bond as well as ncross the 7 band  (Macrograph by Dr J P Rewel )

of more than one layer of sarcotubes so that
1t 18 difficult to ascertamn whether the reticu
fum 1s continuous from sarcomere to sar
comere across the Zband or only between
trads within the same sircomere At the
outer margm of the contractile eylmder the
wsternal elements of the triad narrow abrupt
1y and follow a sinuous course among the mto
chondra 1o the peripheral layer of sarco
plasm Some of them ean ‘be followed to the
sarcolemma It 15 assumed that such poinis
of contact of the reticulum with the surface
membrane may correspond to th sensitie
pomts found w fro, and hizard muscle with
the searching microelectrode m Huxley and
Taylor s experiments

Seelnpg & fast achng wammalian musde
for study Dr Revel m our lahoratery has
examined the cricoths roid musele of the bat **
1 bysiolome measurements of the tune course

€ latow, Vol me XXIV 4 guat 1982

of contraction i this musele have not been
made, but one can 1mfer from its normal func
tion that st 1s very fast  In its some naviga-
tion the bat uses pulses of supersonte qo\;xd
of the order of 5 10 10 msee m Quration and
withim this brief period 1t 1s capable of mod
ulating the frequency over a considerable
range  To accomphish this the ereothyrosd
must be able to change its state of contrac tion
verv rap;:ll) . When examined 1n elegtron
of low the

anee of this musde does not differ ::g:’:};
from other mammahan museles The muto
chondria are numerous and arrengcd 1mn rows
between mvofibrils of the usual :oundpd or
polvgonal cross sectional shape At Ingher
magmfieation 1 18 evident that the B3reg
plasanie reticalum 13 exceptionally well ge
veloped (fig 5) The transverse triads n
the A T junctions appear to encirele the m;::
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Longitudinal section of a perspheral portion of ¢ cardiae muscle fiber from the bat heart
Many large mutochondria (MT) are located smmediately beneath the sarcolemma (Sel)
and betueen the myofibrils (MB) Numerous bpid draplets (Lp) among the mitochon

dria are eudently used as an enng_/ souru

4t sereral places indicated by arrous

transverse elements of the

di to the triads of skeletal

muscle are seen belucen the witochondra at the Iev.el of the Z bind

fibrsl completely and are no doubt continuous
with the treads of adjacent myofibrils  Thewr
asternie are more slender than those of the
fish muscle described earhier and the nter
mediate clement more commonly appears to
be a narrow continuous tube The longrtudinal
sarcotubules of the reticulum are also of
smaller and more umform caliber and thes
«eem clearly to be eontinuous from sareomert
to sarcomere across the Z band  Occasionalhy
there 15 o partral reduplication of a  triad
resulting 1n a  pentad consisting of 3 us
ternae and 2 slender mtermediate tubules
The finding of an unusually extensive md
haghly ordered sareeplasmic reticulum i these
2 exceptionally fast acting sheletal muscles
15 conswstent with the hypothesis'® that thus

system of membrane bounded channels 1s 1
valved m ntracellular conduction of the i
pulse that actnates the myofibrils

Sarcoplasmic Retienlum of Cardiac Muscle

Several considerations would lead one to
expect that the sarcoplasme reticalum might
be less well developed in eardize than 1n shel
etal musele Some of these are the smaller
fiber diameter the central position of the
nucleus which brings the contractile elements
nearer to the surface the myogenie nature of
the contraction the presence ag frequent
tersals along the eardiae muscle fibers, of spe
calized cell to cell jumetions (mferealated
dises) that may offer pathways of inward
conduction from the sarcolemma not present
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TFigure 7
snother longitudinal section of the wntertor of a cardiac muscle fiber from the bat heart
shouing contracted myofibrils alfernating wcwh rows of witochondna each about the
length of one shortened sarcomere Agan the arrows point out transierse elements of
the vetiewlum located at the Z band wnstead of at the A I gunction which 1s the usual
location of the trads wm mammalan sheletal muscle

1n the svncytial fibers of sheletal musele and
finally the slower rate of contraction of heart
muscle Nevertheless there 15 sufficent cor
relation between the rate of heart beat m
vartouns animal species and the degree of de
velopment of the sarcoplasmie reticulum to
suggest that this system has a significant
function 1 eardiac as well 2s 1 skeletal mus
¢le In a previous study of the fine structure
of the turtle atrum?? the reticulum was
found to be rudimentar; Ewidently 1t 1s
not essential m the slow beating heart of this
cold blooded species  In the rat which has a
rather rapid heart rate Porter and Palade®
found a loose network of sarcotubes wWith rela
trvely little differentiation 1 relation to the
cross banded pattern of the myofibrils (fig

C ulaton, ¥ Im XXIV A qust 1981

1B) Although small terminal cisternae were
1dentrfiable on erther side of the Z band these
did not form typieal triads nor did they ex
tend laterally for anv considerable distance

‘We have recently studied the mjyocardmm
of the bat Wyohis lucifugus These small
mammels normallv have a heart rate of the
order of 500 to 600 per minute but under
some physiologic conditions 1t may reach =
high as 1000 per minute Electron mier y
graphs of longitudinal sections reveal an .
traordinary number of Iar e mltochondnae‘f
complex 1nternal structure located m t}‘:
lefts between myofibrits at the poles of 1e
centrally placed nucleus and 1mmedate] b
neath the sarcolemma v be

The mtochondrra are often about the length
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Tigure 8
A low pouer electron micrograph of portions of 4 cardiac muscle fibers of the bat
v transverse section Observe the centrally placed nuclens (Acl} and the fact that the
large dense mtochondna occupy fully half the cross sectional area of the fiver The
clear areas that appear to be holes wn the section are n fact ipid droplets whose content
has been largely extracted during specimen preparation The area enclosed 1 rectangle 1
vs shoun at higher magmfication i figure 9 and that w rectangle B constitutes figure 10

of a sarcomere The periphery of a partiallv
contracted fibcr frequently shows a character
1stic scalloped or corrugated appearamce 0w
mg to the fact that the sarcolemma 15 closely
adherent to each Z band of the outermost myo-
fibrils but 1s separated from the myofibrils else
where by mitorhondria The dria 1m
niediately beneath the sarcolemma would thus
scem to be confined within relatively stable
compartments bounded bv the hines of adhe
sion of the sarcolemma to the Z band of suc
eessive sarcomeres (fig 6) The structural
basis for thrs close binding of the surface
membrane to the Z band 1s not clear from
the mierographs Numerous lipid droplets are
d among the mitochondria that are

more deeply situated 1 the fibers (fig 6) and
are evidently an important energy source in
the rapidly beating hearts of this and other
small mammals Since bats hibernate 1t would
be of interest to know whether there are sea
sonal variations in the abundance of the myo
eardial ipid but thus far our studies do not
extend over a large enough span of time to
throw anv light on this subject

Also located between the ends of the mito
chondra at the level of the Z band are trans
versely oriented tubular elements of the sar
coplasmic reticulum indicated by arrows on
figures 6 and 7 These evidently correspond
to the triads of the reticulum of skeletal mus-
cle but tend to be single or at most double and
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are placed at the Z band mstead of n the
A band near the A T junction One tends to
underestimate the extent of the sarcoplasme
reticulum 1n eardiae musile because of the
peculiar geometry of its myofibrils  They are
not discrete fibrils umformly round or poly
gonal 1n cross section as i sheletal muscle
but mstead exhibit a greater degree of con
fluence and branching so that in transierse
sections the size of the myofibrils 15 variable
and their shape highly irregular In con
sequence of the incon 1stencv of therr tridi
menstonal form and the prevalence of curving
surfaces one rarely entounters such extended
surface views of the sareoplasmic retiulum
m longitudinal sections as one sees overhng
the more regular faces of the mnofibrils 1
sheletal musele It s necessary therefore to
relv mamly on cross sections mn attemptmg
to construet a mental image of the 3 dimen
sional organization of the reticulum

In transverse sections of bat heart muscle
viewed at low magmfication (fig 8) one 1s
struck by the wrregular shape of the myofibrils
around the centrally placed nucleus and by
the great number of large dria that
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structure of the human mvocardium ** none
has devoted particular attention to the sarco
plasmie retieulum  Our own studies on man
are as jet too fragmentary to permat us to
do more than to affirm its presence and to
record some preliminary 1mpressions on the
degree of 1ts development as compared to
other animal species

In electron micrographs of human atrial
musele the mvofibrils show the same orderlv
arrangement of two mterdigitating sets of
filaments that has been deseribed m other
striated museles (fig 11)  The myofibrils
vary considerably 1n size and 1n eross sectional
shape but are on the whole less pleomorphie
than those described here for the bat The
mitochondria which have a dense matrix and
a complex internal membrane structure are
numerous and are distributed smglv or m
sizeable clusters among the mvofibrils The
mterfibrillar sarcoplasm 1s more abundant
than 1 the bat myocardium The mitochon
dria bemg less crowded show less tendeney
to adopt unusual shapes conformmg to the
spaces between the myofibrils  Among the

hondria and 1 the clefts between ad

take up nearly half of the cross sectional area
of the fiber and oceupy nearly all of the mter
fibrillar sarcoplasm In mucrographs of higher
magmification (figs 9 and 10) the mtochon
dria are found to conform very closely to the
wregalar contours of the surrounding myo-
fibrils hosever 1 the narrow imterstices be
tween the two there are numerous eiwrcular
profiles 400 to 500 A n diameter {see at
arrows) which are eross sections of the long1
tudinlly oriented tubules of the sarcoplasmic
reticulum  Owing to the pauuty of inter
fibeillar sarcoplasm these profiles are easihy
overloohed 1n low power micrographs but
from the large numbers visble m mero-
graphs of higher magnification 1t 15 elear
that the sarcoplasme reticulum 15 quite well
developed 1 cardiac muscle of this ammal
specles

To what extent is this tubular system de
veloped 1n the human heart? Although there
have been several brief reports on the fine

Creslaton Vol m XXIV A gust 1961

Jacent myofibrils are tubular elements of a
sparce sarcoplasmic retrculum (see arrows
fig 11) Defimite triads have not been 1den
tified a2t the level of the Z bands i our ma
terial nor have any clear connections been
demonstrated between the loose meshes of
the reticulum and the sarcolerama  Although
1t 15 probablv baswally stmilar 1n 1ts distmbu
tion and organization the reticulum m the
human myocardiem 1s evidently far less elab
orately developed than is that of smaller mam
mals with a more rapid heart beat

Comment

The hustory of the discoverv of the sareo
plasmie reticulum of striated muscle has been
traced and the physiologic evidence for s
partipation m mtracelllar mmpulse eon
duction has been reviewed Our own eom
parative observations mdiecate that this gvg
tem of membrane Limated tubules 1, partien
larly well developed m certan eXeeptionally
fast acting skeletal museles These findings
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SARCOPLASMIC RCTICULUN OF MUSCLE

Figure 11

An electron mwrograph of a small area at the periphery of & human cardisc muscle
fiber The sarcolemma (Scl) 1 at the top of the figure and shows the usual coating of
bisement membrane matersal The mitochondria (Mt) are fawly large and nch n
snternal structure The myofibrils (Mf) show the usual prease hezagonal pattern of

e P

t3 less well developed than sn the hearts of

small mammals with rapid heart beats but several profiles of sarcofubules t cross section
can be seen betueen the myofibrds in this figure (see at arrows)

are offered as further indirect evidence for
the hypothesis that the reticulum 15 1nvolved
1 the eouphng of excitation to eontraction
It 1s recognized however that thrs canalieular
system may function 1 other ways besides
the conduction of an mmpulse by 1ts hmuting
membrane It may prove to be mmportant in

the synthette activities of the musele cell or
its lumen may provide a continunous pathway
for distributton of energy rich compounds or
other essential metabolites to the myofibrils

The sarcoplasmic retieulum has been shown
to be less ghly developed i cardiae than
m skeletal musele but 1t 15 50 organized 1n

Figures § and 10
Higher magmfication electron micrographs of iuo small areas of the cardiac
fber shown wn figure 8 The myofibrils (3If) are hughly srregular wn shape a"‘;"':}-“:‘lc
surface clo el conforms to the shaps of the mifochondra (MT) tehsch oceupy neasty
all of the wterfibnillar sarcorlasm Between the m jofibrils and the mitachondna Y
numerous small profiles of membrane bounded tubules sn cross sect on (see at arrowﬂ:)'

These are the 1
C eulton Vim XXV A g t 1981
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relation to the cross banded pattern of the
myofibrils as to suggest that 1t may have a
similar function i both The reticulum 1s
rudimentarv o the slow beating heart of the
turtle but reaches a rather high degree of com
plexity 1n the very rapidly beating heart of
the bat. The reticulum of the human myo
cardium has not been adequately studied but
appears to be intermediate between these ex
tremes It 15 not possible now to state how
mmportant a role the sarcoplasmic reticulum
plavs 1n the physiology of the human heart
but new findings 1n research often turn out to
have far more sigmificance than at first seems
lihely It mav not be too faneiful to 1magine
that a few decades hence the cardiologist mav
be concerned with functional disturbances
of this intracellular communication system
Just as he 1s concerned today with defects of
conduction at a grosser tissue level
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The Structure of the Specialized Impulse-Conducting
System of the Steer Heart

By Jonawxes A G Ruopry MD  Prrer pen Missier MD
anp L Corsan REm M D

The specialized 1mpul e ongimating and condueting system of the steer heart has been
analyzel with the hight phbase contrast and electron mieroscopes after earetul dissection
of 1ts gros amatomic parts The speefic tissue 15 compo ed of eells with listnct eell
boundares No aynevtum exists The cells of the sno atrial (8 A) and atrioventriculer (A V)
nodes closely resemble those of the eommon myocardium They eomne t enl to end via
1ntercalated disks most of whick represent the starting point anl termination of numerous
myofitrils The cells of the bunile of s and 1ts distal branctes are large and spmlle
shaped and jomed 1n a staggered fa hon They dusplay a fair number of myofibrils
The cell contact 15 estabhshel by numerous desmosome that onlv rarely commect with
myofibnls It 15 believed that the multiple desmosome tvpe of eommection p esent m most
parts of the specific tissue of the steer heart mliates that ths tssue has mamwtamed
1ts embryologic appearance to 2 large extent The rol of the desmosomes in faeiitating

the propagation of the impulse throughout the specific tssue 13 discus el

T SEEMS APPROPRIATF to discuss the

structure of the speualized conducting
system of the heart at a symposwum on the
myocardium  Without this tissue the stimu
tus for the contraction of the common myo
cardium would hardly ever be origimated
Thus 1t 1s to be expected that certamn umque
peculiarities will characterize the cells of the
specialized conducting system An account
of their ultrastructure will be grien here m
the hope that this will explamn among other
features of this tissue 1ts abihty to tramsmit
the impulse of contraction so much faster than
the cells of the common myocardmm

Although the most fundamental mechamsm
of this svstem 1s the origmation of an impulse
there has been a long lasting controversy re
garding 1ts existence as a specific tissue m
the heart! This 15 due prmepally to its
great varmtion m style and structure through
out the ammal Lingdom meluding mammals
At present this controversy 1s settled and the
existence of a specific tiswme m man? 4
heep ® © and steer” 15 struetnrally and fune
“From the Department of Azatomy and th Depart.
ment of Surgery New York Umversty School of
Medieine New York New York

Thys study was axded by a grant from the Muscalar
Dystrophy Associations of Amenca Inc
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tionally heyond any doubt In the reader s
own mmd howeter 1t may not be qmte elear
whether or not the speeific tissue 13 museular
ornervons Here new technies such as phase
contrast and electron microscopy have been
most helpful 1n demonstrating that the so-
called condueting system 15 a true contractile
muscular tissue

Material and Methods

The materal used 1 this study has been ex
elusively the speeifie tissue of the steer heart The
hearts were obtamed and dissected 1n the slaughter
house within 15 minutes of the ammal being killed
Osmium tetroxide was used as a fixative® 9 10 gpd
liqud plastic as an embedding medium!! for
spectmens prepared for electron microscopy Thick
sechions for phase contrast mueroscopy and thin
<eetions for electron mrcroscopy were cut with the
LEB Ultrotome 1 The Siemens Elmiskop T elec
tron mucroscope was employed

Results

Anatomy of the Condncting System

The 8 A node 1s regarded as the Ppacemaker
often called the node of Keith Flack. In man
as well as 1n the steer there 1s no drect con
tmwty via speaific tissue between the cells
of the 8 A node and the A V node of which
the latter forms the beginning of the ventrie
ular part of the condueting system In the
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steer 7 the A V node or node of Tawara 1»
quite Jarge and dinmond shaped (fig 1) The
AV node 1s followed directly by the A1
bundle also called the common bundle or
the bundle of His  Ths strueture eventu
ally splits up 1nto a left and a right branch
each of whick 1 turn gives rise to a network
of fine ramfications that termmate 1n direct
contact with the myocardial fibers
Structure of the Common Bundle
Light Mcroscopy

The strueture of the common bundle will
be considered first for in the present mate
rinl the cells that compose this part of the
conduteting system are easily recognized be
cause of their pronounced difference 1n shape
and size from those of the common myocard:
um Justifving the term  specific hssue
This diffrence 15 ensily seen even with the
Iight microscope (fig 2) Here the size of
the speaific trsue cells can be compared with
that of the common myocardium It 1s ob
vious that the eross seetion diameter of the

RHODIN, pev MISSILR REID

Figure 1

A schematie representation of
the gross anatomuc histologse
and to some ertent the ultra

structural organs ation of the
conducting system of the steer
heart The four areas repre

sent camera lucida dranings
af a magmification of about
150 times  The st e of the 1n

tercalated disks and the des

mosomes ss somewhat exag

gerated an order to facihtate
a comparison of thewr ultra

structure

AV BUNDLE
]

spectfic cells 1s at lcast twice that of the eells
of the common myocardium The common
bundle 15 rich 1 connective tissue elements
No true wmnclosing of connective tissuwe can be
1dentified as m the sheep heart The mdi
vidual fibers of the common bundle are how
ever sharply delimted from the surroundin.
connectrve tissue as seen m cross seetion m
the phase contrast microscope (fiz 3) The
intertor of the fiber 1s divided by delieate
1imes that give rise to irregularly shaped areas
In 2 longitudinal section of a similar fiber
(fi, 4) the lmes and areas can be recognized
Nucler are present 1n several areas or fields
In rddition there are longitudinally arringed
fibrils that bear 1 well defined eross striation
In other words we are dealmg here with 2
conductmg fiber that 18 composed of 1 number
of cells put together not only end to end but
alvo side to side m v staggered positton be
cause of their obyrous spindle or multiangular
shape Because of the cross-striated appear
ance of the cellular fibrils 1t 1s evident that
the cells represent musele cells
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SPECIALIZED IMPULSE CONDUCTING SYSTEM 301

Electron XMicroscopy

The cells of the condueting system fibers
are about 100 to 200 micrens long in the
tommon bundle In the cotrser fibers o to
7 cells mav be seen 1 a cross scetion (fi. 3)
but finer fibers with onlv two cells 1bo occur
{fig 5) The fiber 15 surrounded by a thm
basement membrane with a varymg number
of retteular and collagenous fibrils The base
ment membrane does not penetrate between
the mdividual cells that build up the fiber
The boundaries of cells are difhcult to see 1n
the low magmfication electron micrographs
(Bgs ©» and 6) but their course ean eamls
be traced because of the relatiely leavy
aceumulation of eross-striated myofibrils along
therr surfaces Indirectly the various cell
territories can be distinguished also bv the
sartation 1n density of the cvtoplasm in daf
ferent cells (fig 6)

The cells of the common bundle have few
Ly toplasmic organelles as compared with the
cells of the common myocardinm VMore than
20 per cent 15 oceupted by what the early
ey tologist would have called ground cyto
plasm  In the electron micrograph this
part of the eytoplasm 15 characterized by 2
fine granularity with the granules having an
average diameter of about 200 A (fig T)
Thus 15 elose to the drameter of the submiero
scopie grapules that are abundant i the
exocrine cells of the pancreas where they
have been demonstrated to contamn mbonu
cleoprotein ¥ However histochemrcal tech
nus have shown that the hight mieroscopr
cally clear areas of the speaific tissue cells
do contamn glycogen® The fire granulamty
1s therefore believed to represent glveogen
simular to that which has been demonstrated
mn the myoeardium of the turtle atrium *

Another submicroscopie component 1s rep
resented by small vesicles of varymg size The
vesieles have a elear center and are hordered
by a smooth membrane (fig 7} They do not
seem to be derived from the cell membrane
and thetr function 1s unknown Thev mav be
abundant 1n one cell and eompletely absent
1 another (fig 6) which possibls indiates
variation 1 functron
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Figure 2
Light micrograph of the common bundle (C) and
the myocardium (Y) The cells of the common
bundle are large and pale whereas tho ¢ of the
mocardium are smoll and dense (Formalin fira
tion hematozyln eosn stan X 200 )

Other cell components that can be seen
with the aid of the hght mieroscope are
nucler mitochondria mvofibrils and ocea
sional Iiprd droplets There 15 more than one
nucleus to each cell The nucler usuallv oecur
m pairs and are located i the center of the
cells of the common bundle A heavily stamed
oucleolus  which has a loose structure i
always present (fig 6)

The mifochondrig are small and spherieal
They display the common fine structural
pattern of a thin triple lavered outer mem
brane and several triple layered nner mem
branes (fig 7) The matrix of each mito
chondrion 1> qurte loose 1n the present
material  This may indicate less good pres-
ervation than desired and could depend on
the relativelv long lapse of time between the
hilling of the steer and the moment when

a7
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Tigure 3

Phuse contrast mucrograph of @ cross sectioned
fiber of the common bundle The fiber 1s sharply
dehunited touward the di s

RHODIN, per, MISSIER, REID

Eack myofibril shows the fine structure
(fi, 7) that has been described mm both the
sheletall® 10 17 qnd the heart musele 1¥ ¥ Myo.
filaments are the mun components with the
traditional thichemngs 1ssociited with the
rarous binds (see Huxlev 1n this sympo
smum) The Z bands are of partrcular mterest
m the mj ofibrils of the specifie tissue cells In
the cells of the common myocardium and the
skeletal muscle this structure 1s hnown to
be d of split my ofil bedded
m an amorphous electron dense substince
In the present material 1t has been found
that every now and then the dense amorphous
substance extends beyond the termtory of
the mvofibrd and establishes a direet eontinu
ation with a simlar dense amorphous band
that m some instances accompanies the cell
borders 1t a distanee (fig 7) In order to
understand this relationship fully 1t will be
necessary to develop the concept of an inter
cellular relationship 1 the eommon bundle

The cell border follows an irre ular and
wavy course (figs 7 and 8) The plasma
membrane of each cell 1s quite dehecate and
seems to be thinner than recorded for cells

sue The limes m the mterior of the fiber represent
ell borders (Osmium tefrozide fization, unstmn
ed plastic ection X 500 )

these delicate and sensitive organelles were
unpregoated by the slowly penetrating os
muun tetroxide The mitochondma are usu
ally found along the cell borders and also
closely associated with the myofibrils

The most prominent components of the
cells of the common myocardium are the
myofibrils They vary greatly m length and
width (figs G and 7) Dlost are freely dis
persed 1 the eytoplasm but some begin and
termnate at the ccll membrane here 1n close
assoctation with the so-called desmosomes
This arrangement 1s however much more
pronounced m the distal branches of the
conducting system Only rarely have strue
tures been 1dentified that resemble the
Lurkinge filaments demonstrated by Muir n
the sheep heart®

here 1n the body 1° Two structures are
assoctated with 1t  One 15 represented by
the just mentioned continuous electron dense
band, which roughly follows the course of
the cell border, although some distance re
moved The second structure 1s closely as
sociated with the plasma membrane and i
attached for short mterrupted areas at its
mtracellular aspect The plasma membraze
of erther speeific tissue cell 15 about 20 1
thick, and the mtercellular space chard
terized by less election density —measures
about the same As the dense struetures 150
cated with the mtracellular aspect of either
plasm2 membrane are approached the mter
cellular space widens to about 175 A and
becomes occupted by a dense substance il
which possibly cross striations may be dis
tingmshed At igher magmfication another
membranous layer can be resolved which 15
embedded m the cytoplasmie dense zone (fig
9) Thissecond lay er1s identical m size with the
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plasma membrane and also paralle]l to 1t The
entire structural complex has been analyzed
and described previously in the ventricles of
frog mouse and guwnea mg hearts!? &
the frog heart and papillary musele of the dog
huart ? and m the turtle atrium ** Sjostrand
and coworkers! °  refer to thiy structure
as the S region, whereas the school of Faw
cett!t prefers the more commonly accepted
term  desmosome  We should Iike to use
the teim  desmosome  for this structure
the common bundle of the steer heart because
1t clo elv resembles the desmosomes seen 1m a
vartety of epithelal cells most advantageous
1} m the eprdernus * ¢ If we now return
to the confinuous dense band, 1t beLomes ev1
dent that this strueture 15 a eytoplasmie eon
densation symilar 1 appearance to the des
mosomes It 1 obvions that in the present
mater1al the dense band 1s not applied to the
plasma membrane but 1s parallel to 1t and
that 1t can be seen to connect desmosomes with
each other Every s0 often a connection 1
also established with the Z band of a nearhy
myofibril In concluding it should be stressed
that the cells of the speuifie trssue as analyzed
m the common bundle of the steer heart are
provided with desmosomes the great number
of which was not previously 1nown The fune
tional 1nterpretation ot this arrangement will
he dr cussed after we have considered the cell
ular contzets as they appear m the S A and
AN nodes
Structure of the Distal Branches of the Common
Bundle
As*the distal branches of the AV bundle
are approached the cells become longer They
meet preferably end to end in addition te
thar side to wide eontact {fig 10) The num
ber of myofibrils mcreases considerably and
they are defimtelv longer and mare parallel 1n
arrangement when compared to the cells of
the comamon bundle The mereased number of
myofibrils gives less space for accumulation
of glycogen The nuclel also appear m pairs
here mostly located toward one end of the
cell and close to the lateral cell border
The fine structure of these cells 13 1dentical
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Figere 4
Phase contrast ms rograph of a longstudimally sec
twoned fiber of the common bundle The spdle
haped cells are arranged w a staggerel fashion
A number of cro g striated m jofibrils are present
(Osmury tetromde fizatim  unstamned plastir sec
fion X 500 )

with that of the common bundle cellg Among
other things this implies that the multiple
desmosome type of connection 1s marntained
The dense band with a course parallel to the
Dlasma membrane 15 seen less often
Structure of the § A and A V¥ Nodes
Lught Microscopy

In the steer heart earlier mvestigators
bave demonstrated by hight microscopy that
the cells of both nodes resemble those of the
common myoeardum  Grossly one ean tell
them apart becawse the nodal fibers are sur
rounded by an abundance of connective tissue
elements and by the comparatively loose ar
rangement of 1ndividual fibers {fig 11) Thege
crreumstances have been used as eriterta 1n
the present study

In a cross section of § A fibers (fig 12)
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Lou electron of a cross ectioned thin fiber of the common
bundle The entire tcrdth 13 occupied by 2 cells (C1 C2) The course of the two cell
11 nbranes facing each other 1s dicated by the arrons Mo ¢ of the irregular dense spats
repres nt cros sectned myofibrils 1 basement membrane (B ) surround the entire
fler wnterruptedly (X . 700 )

1 secn with the phrse-contrast mucroscope tion the S A node (ﬂfl‘%* ows a striking
the 1ndinadual eulls are fairl loosely arran ed similanty to the struc s the common
and the cross sectioned myofibrds n the n wmm of the at individual
tertor of the cells are quite seirce In a eross mumeate by s S mvng
section of AV nodal fibers (fig 14) using the work hnowt ir
same magmfication the eells are somewhat wsuy teelf Hs
more clo~selv arranged and show a greater 1 toend m

abundance of mvofibrils In lonmtudinal see w nt
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Lo n electron ph of @ sectioned fiber of the cor mon
bundle 4t least £ cells (C1 C1) are seen The overall density of the cells 1aries because
of @ waniatem i tle fin 1y granulated cjtopla m The cell C4 1s most dense and contans
a great number of subvscroscopr ve wles of unknown origin and function The myo
fibrils are widely seattered but tend to become aggregated along the cell borders Ifpst
fibers are thin (F1) but occt sonal thick ones (F2) occur The muclens (V) hag 4
heavily stamed but loosely arranged nucleolus (X 2,00 )
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Figure 5
I« wagmfication electron micrograph of a cross sectioned thin fiber of the common
Yvndle The entire width as occuped by 2 cells (CI C2) The course of the tico cell
hranes facng each other 13 indicated by the arrous Most of the wrregular dense spots

i nt cro s sectimed b 4

yof
wwinterruptedly (X 2500 )

n
an seen with the phase contrist mucrosop
the wcdavidual cells are fairls Joosc]s arranged
and the cros-sec tioned myofibrils 1 the m
teror of th el are quite scarce Tu a eross
section of AV nodal fibers (fie 14) using the
same maufi atin the cells are somewhat
more dosly arringed and show a reater
abundance of myonibrls In lon,itudinal sec

b (BM) the enlire

tion the S A node (fig 13) shows a stmhing
simnlanity to the structure of the common
myocardium of the atria  The mdnrdual
fibers communicate by side branches grun,
ris¢ to a meshwork known to exist in the car
diac muscle tissue atself  The nedal cells
usually mect end to end marked by the dense
cross lines that represent intercalated disks

€ claton V lum XAV Avgust 1965
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Figure 8
The gunction of 3 common bundle cells (C1C3) In C1 a lng and dene cyto
plismic band can be traced whereas thie structure 1s not present sn Co and o On the
other hand s veral desmosomes (arrous) of rarymg length can be seen here The rec

tangle 35 enlarged i figure 84 (X 18,00 )

smailar to the structures of the common mvo
ecardiun A relatively large number of nucler
and disks are present indicating that the
nodal cells are comparatively short It 15 easy
to obtain a section of the S A node where the
fibers are parallel but this 1s not so m the
AV node (fix 15) Here the fibers tend to
run 1n many directions a fact demonstrated
by earher miestiators The nodal cells here
are jomned end to end as m the S A node but
they are longer judging by the relatively
fewer ntercalated dishs and nucler

Apart from this the AV nodal fibers are
thicher and more densely arranged and seem
to contam a larger number of my ofibrils than
do the cells of the S A node
Electron Microscopy

At the ultrastructural level there 15 bas
cally hittle difference between the cells of the
S A and the AV nodes 1 the steer heart
Therefore only the fine structure of the eells
of the 8§ A node will be considered

The orgamization of the cells of the S A
node 15 very much the sime as that of the

lansty 15 belwied to represent gljcogen The myofibrils (F) dwplas thin flaments that
have the usual characterishies of myofilaments ~The Z bands (Z) are most promment
the H bands (1) wsth the certral thn M disk can also be seen This particnlar m so
fibral 15 contracted because the light I bands on either side of the Z band unmmtJb,

observed The dense cytoplasmic band that accompantes the cell borders 13 oe asion,
seen () to make a connection with @ Z band (X w3 100 )

C witon VIm TUV A gust 1961
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Figure 9
Detail of the de mosomes pre ent w the cells <f the common bundle They rary con
siderably wn length The glasma membranes are about o0 U thiek and sepurated by a
0 1 urde intercellulir pace (1) Closer to the desmosome (b) the mtercellular pace

widen and reache o wilth of about 170 1 withun the desmo e (c)

1 second den<e

Liyer paratlel to the plasma membrane 13 vesclred withn the desmo ome (most clearly

eenm \and C) (¥ 129000 )

conmon myvoc tedmm (fi, 16)  Indeed the
sinularits 15 ~o strihin, that it wonld be vir
tmilly ampossible to tedl them apart if rifer
unce could not be made to the anitomy and
the istoloan of the trssue then the two tissues
lool ifferent accordin,, to eivlier mnvestign
tors and also te our own description Lere
Beeause of the sinularty between the cells of
the S A node and the common myocardium
we do not find 1t nccessary to go into a lengthy
disenssion about thewr ultrastructire but re
fer the render to eirlier cledtron mieroscopic
miestigations of heart muscle? 1870 308

However 1 few pornts of importance 1n refet
enee to the prescnt problem will be brou ht
up

Fach cell 15 enclosed by 1ts plasmt mem
brane a delicate envelope about 70 % thik
The eells vary i len th and meet only end to
end with the point of contact marked by the
wterenlated disk  Indiidual eclls brinch and
mterconnect with ner hbormg cells to form
a three dtmenstonil meshworh of muscle fibers
The eells are also wrapped by a thun basement
membrane that does not penctrate between
the cells (fir 17) Usuallv evch cell has 1

Coede $1lm XXIV Ag t1s81
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Figare 10

I hase contrast micregraph of a longitudinally sec
tioned fiber of the left dwstal branch of the com
mon bundle The cells are more elongated than
the common bundle and they meei . preference
end to end (arrows) They contan a faurly lurge
number of tross striated myofibrels (Osmuum tet
ronile firation unstaned plastic section X 500 )

nucleus but occasionally 2 nucler can be seen
1n the same cell Seen m 2 sectron about 7,
per cent of the cell 15 occupled by myofibnls
characterized by the well known pattern of
eross striations  Mrtochondra are distributed
along the plasma membrane and in between
the myofibrils

The ntercalated disk runs across the entire
width of the nodal fibers (fig 18) For mam
years 1t was believed that the common mvo
eardium consisted of cells swithout true cell
borders thus forming a symevtium  With the
aid of the electron microscope 1 18 © 3 3
however 1t became clear that the intercalated
dish represents the junmetion of cardiac cell
a fact that once and for all overthrew the
Loncept of myocardial syneytium  ° 3 The

Coelt wVim TXIV A g tiser
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Figure 11
Light mx rograph of the sinoatrial n,d (§4)
and the myocardum (Y) The si ¢ of the cells 1s
approxmately wdentical 1n both snstances but the
cells are more loosely arranged n the § 4 node

gg;a;mahn fizatwon  kematozylin e i stam X
cells of the nodal fibers m the steer heart are
jomed sumilarly  As the mvofibrils approach
the mtercalated dish the mdividual myofila
ments seem to <pread slighth before they
attach at the dish (fix 18) The intercalated
dish 15 actually composed of short dense won
densations or subumts of the cytoplasm ad
Jomng the miracellular aspect of the plasma
membrane of the ends of two nei hbortng
cells The myofilaments that appreach th:l
end of the nodal cell then establish an an
chorage m the dense subunits at the plasma
membrane (fig 19) The plasma membrane 14
alwavsrather wavy at the mtercalated disk In
between the dense subunits 1t appears smooth
and devord of attached eytoplasmie stra

tures Occasionally however the desmosun:
type of cell to eell contact ean be ldenhﬁede
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and 13

I hase contrast mucrographs of cross sectioned (fig 12) and longitudinally sectioned
(fig 13) fibers of the S 1 mode of the steer heart The fibers are loosely arranged wath o

fatr number of myofitrils

Some of the wntercalated disks are mdicated by arrous

(Osmum tetrozide fization unstamned plastic sections X 500 )

but these structures do not recerve myofibrils
Tins structure has been found and carefully
analy zed 1 the connnon my oeardium of mouse
and gumer pig hearts by Sjostrand and co
worlers It was called an  Sregion and
corresponds structurally to the desmosomes
destribed here m the cells of the comunion
bundle of the steer heart

Discussion

Anatomy

At prescnt there 1s o doubt that 2 specific
tissue does ewist in the myocardium of the
steer heart The dissections by del Misster
et al? demonstrated that 1t »s furly easv to
show 1ts gross anatomie distribution not only
1 the heart of the steer but slso m those
of man dogs pigs and sheep The histologie
appearance of the speeific tissne was most

convinangly analyzed by Blur and Davies 7
n the bovine heart  Our hight and phase
contrast microscopic studies essentitlly con
firm those of Blair and Davies The remar]
able sumilarity butween the structure of the
commeon myocardium and the SA and A\ V
nodes should agair be stressed The only
gross difference scems to be the compatatively
loose arran,ement of the fibers of the nodcs
with the nterspaces ocecupted by connectine
tissue elements
Electren Microscopy

Eirlier 1vestigations of the speuific tissue
by means of electron mieroscopy have dealt
with this structure 1n the myoeardium of the
sheep heart  Muir © who made the first elec
tron mieroscopie study of the speeific tissue
analyzed the distal branches of the common

Cr laton V1 me YXIV August 1981
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Figores 14 and 15
Phase contrast mcrographs of cross sectiomed (fig 14) and longuudinally sectioned

(fig 15) fivers of the AV node of the steer heart

The fibers are arranged more

den ely m the 4 ¥ node than w the § A node and they also contawn @ greater numbesr

of myofibrils

sections X 200 )

bundle whereas Caesar etal concerned them
selves with the bundle of His and the false
tendons These works gne an accurate ac
count of the fine structure of the speerfic
tissue cells 1z the sheep heart which for the
most part conforms with the present analysis
of the steer heart The work by Muwir® 1n
particular 15 most elucdatng It demon
strates clearly the difference between the
cells of the common myocardium and these of
the speeific tissue and m our opinion de
seribes the ecell tocell relationship more
clear]ly than dois that of Caesar et al
However there seem to be certain differ
ences at the ultrastruetural level between
the cells of the shecp and of steer specific
tissue  These may be of mnor importance

C ulaton VIm YXIV A gust 1951

The cells are longer wn the 4 ¥ node and therefore dwplay a smaller
number of wntercalated disks (arrows) (Osmwm tetromde firation

unstosned plastic

m relation to the functron of this tissye
but are sufficiently pronounced to Justify a
short discussion of therr sigmificance The
scattered myofilaments that Mwir® found and
called Purkinge fibrils do not seem to oceur
in our material  Loosely arranged myofibrils
do ocur but without exeeption they display
the normal bandings that the Purlinge fi
brils  of the sheep seem to lack The sigmafi
cance of these findmgs cannot be pomnted
out until the spectfic tissnes of humans and
several other animals have been 1mvestigated
Another feature 1 the occurrence of sub
microscopie granules most of which Myrt
and also Caesar et al ® interpret as represent
g ribonueleoprotein particles smmilay mna
ture to those demonstrated mn the eX0crine
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Figure 17

Cros ection of 3 fibers (C1  C€3) of the S 4 node The larger of the cells 15
sectioned through the nuclews (V) I3 obtious thit o lea { two thirls f the fiber ares
oo upel by myofibrls (X "000 )

e

Figure 16

Tou mugnific thon electron mucrograph of loug tsdinally sectioned fibers of the § .4
node The central muscle filer hus  wneles (M) anlts hike the neighboring ones
envelped by a ba evient memtrive which gues the wrfwe of the
appearance Although the fibers sometime are closely o po ed there 15 aluays an
inter it al space (arrous) w which etpliries (C) are ala ees The syofhnls xop)
thewr cross struts ne are num rou  The mtercilited d she (*—%) repre ent true mtor
ellular contacts 1 sthout ritervemsa 1 sevient memlrame (X 100 )

fiter a scallopeq

Vim YUV Ug tiser
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Figure 18

Intercalated disl area of a longstudimally sectioned fiber of the S 4 node The dist runs

across the entire width of the fiber (arrous) The myofilaments of each myofibril (F)
eem to become more loosel ; arranged before they anchor at the dense structure of the

wntercalated dish (X 10,500 )

cells of the pancrers by Palade3! In our
matersnl we cannot confirm that the outer
component of the nuclear membrane 1s stud
ded with these granules nesther can we find
vesicles provided with these submicroscopie
particles  On the contrary we find these
particular membranes to be smooth and con
«lude that neither structure represents part
of 1 rough surfaced endoplasmic reticulum 3
The vestculation at the mtercalated disls wnd
the large vacuoles which supposedly are de
rned from retraction of the plasma mem
brines as su,gested by Casear et al  have not
been recorded m the steer heart This may
be 1 spectes difference but could also be ex
pluned by poor fixation of the material ana
Iized by Caesar et 11 Agun the ultimate
solution to this problem has to awat further
anihses of this tissue 1 other ammals
Functional Considerations

From & functional pomnt of view 1t seems
of .reatest mportance to compire the two
diffcrent tyvpes of cllular attachments that
we encountered 1 the various parts of the
conductm,, systern of the steer heart In
the 8 L and AV nodes the intercalated dish
tipe of the common myocardium prevails
although the desmosome type of strueture
may also be found to a lesser de,ree n be
tween the dunse subumits of the interenlated
drh In the AV bundle and 1ts left and

right branches mcluding their fine runtfiea
tions the muitiple desmosome type of at
tachment h1s been found exclusnely 1n the
present study of the spectfic tissue of the
steer heart (hg 19)

The function of these two tyvpes of struc
ture 15 obviowsly to secure the mutual ttach
ment of cells a conclusion reiched by eom
parison with other nstanees 1 which an
bund; of d doubtedly serves
this purpose eg 1 the epidermus * ¢ Onto
genetically 1t 15 of interest to recall that
Murr ¢ has demonstrated by electron mieros
copy that the multiple desmosome type 1
present in the common myoeardum of the
rabbit 1n embryvos from 18 davs after coitus
to birth  Tater on the adult type 15 de
veloped with the eharaeteristic wavy course
of the cell boundary wrthin the intercalated
disk  This seems to mdicate that 1 the steer
heart the cells of the common bundle and ats
branches with the multiple desmosome type
may represent a tissue that his maintuned
1ts embryologie appearanee  The specifie t1s
sue mav  therefore represent the vesti il
rcmnant of the first vascular tube  phyvle
gentically 1t would be the oldest tisue m
the heart and ontogeneticallv the first to
appear There may also be another function
pertaimng to the nultiple desmosomes versus
the mtercalated dishs  Sjostrand and co

€ ulation Vol me XXIV August 1981
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Frgure 19

} INTERCALATED DISK TYPE

Schematic representation of
the cellilar contacts as seen i
the wancus parts of the wm
pulse conducting system  of
the steer heart

At ent ¢ larbu df (c mmonbund! bund! fH ;} MULTIPLE
DES?

Lft&Rghtb a hesof AV bundl

workets © have sug.ested that the spe
cialized 1egions they found n the common
myocardmm between the dwh regrons and
that eclosely resemble our desmosomes may
represent areas with a lower ohmic resist
ance and may forw paths with a great safety
tictor for conduction across the cell junetion
Our findings of a multitude of desmosomes
1 the lower regions of the conducting svstem
where certainly the impulse travels so much
faster than 1n the Lommon myvocardium secm
to support thys hy pothenis

Fmally we may n summin, up compare
the histolegic and ultrastructural appearance
ot the varwouns parts of the conductm, sys-
tem? From our studies 1t 1s fairlv cear
that the passage of the stimulus i any part
of the conducting system could occur bv a
wave of muscle contraction Any electrical
effeets produced by this wave of contraction
are undoubtedly the results of previously

€ ltom ¥ Im \Ib A gust 1961

SMOSOME TYeE

actiated enzymatieally catalyzed chemical
processes  Dourne® has reported the pres
ence ot allaline phosphatase in the mter
calated dishs of the common myocardium and
this enzyme may well be present m the disks
of the speafic trssue 1o Sucemnie dehydro
genase® 3 and cholinesterase® are both con
centrated along the borders of the specifie
tissue cells presumably n the mitochondria
but possibly also located m the small vesules
deseribed here It the tramsmission of the
mpulse 1> facihitated by the interealated
dishs and the desmosomes and 1f the 1mpulse
1s mediated by enzymes located mn or near
these structures then one wounld expect 1t
to travel faster arross a border where these
structures are frequent We do not Lnow
the rate of conduction 1n the S A node el
but 1t 15 1000 mm per second 1 the atmal
muscle and the number of intercalateq disks
per 40000 square mirons i a longitudina)



Jbb

scction of the atriad nuscle 1s 1bout equil
to that of the S A node (fig 13) possibly
mdwatmg that the rite of conduction 1
roughly the same The rate of conduetion
i the AV node 15 about 200 mm per second
and 1 the ventricular muscle 300 to 500 mm
per second  Agam there 1s a elose structural
resemblance between the A V node and the
ventricular muscle Furthermore the slower
rate 1s compared with the atrium may be ex
plamed by the smaller number of intercalated
disls and the larger size of the cells Once
the 1mpulse reaches the tissue of the com
mon bundle the rate of conduction ncreises
to 3000 to 5000 mm per second possibly
explamed by the great number of desniosomes
and the large area they represent per square
umt of cell surface
A purely mechamecal point of view could
also be mtroduced at this moment The
structure of the S A node the AV mnode
and the common mjyoeardium of the atria and
ventriles closely resembles that of a fisher
mins net with a third dimension added
whereas the strueture of the common bundle
and 1ts branches remunds one of a set of
strings connected here and there along its
course (fig 1) A pull at one corner of a
net would spread 1n all the directsons of the
net » meshes thus delaving the pull to be
felt at the opposite corner of the net A
pull at one end of a st of strings would
be felt much faster at the opposite end be
vise no spreading m a wide three dimen
stonal meshworl 1s myolved
Of eoursc many other factors would have
to by taken imto consideration® m explaming
the high rate of conductimaty of the cells of
the speafic tisue 2s well as m explamm,,
the magic ability of the entire conducting
~3stem to origmate autonomously a stimulus
for contraction Here such factors as the
hi i content of lycogend as well as of
sphin.omveln®™ probably play an important
role
Acknowledgment
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Blood Capillaiies of the Heart and Other Organs
By Georee E Pavape M D

The article 13 a review of work recently carned out on blood capillaries by the author am
collaboration with Drs M G Farquhar G Myno anl S T Wisug

It reviews the morphology of theso vessels at the elcetron mcroscope level anl eonfirms
the existence of at least 3 distiet t3pes of blood capillanies in s nall 1 erators mammals
It shows that the capllary wall consists of 3 comcentric lnyers (enlothelm busement
membrane and adventitin) and indicates that the basement membrane forms a eontinuous

laver ar all capillaries so far studied

Expenments in which colloidal gold particles were usel 19 1 tracer have shown that

m with 2

yorted aeross 1t by pmoeytic

tle bn ement membrane
Expermments on glomerular capillarie

(muscle capillries)
ves cles At the end of this step trev must still transverse

the particles are trans

whach ty prealls have a disco) tinuous endothelmm

were carned out on normal and nephrotic rats using ferntin as a tracer By its accumu
lation on the luminal sde of the basement membrane the fernhn has identified this

layer as the mun filtration barner

A smular function of the basement membrane was demonstrated 1n musele venules and
venous capillanes bv experiments in which the cndothehum was renlerel discontinuous
by loeal treatment with histamime sud s rotomn

UERF ARE I believe a good number of
reasons for a renewed interest m prob
lems of eapillary permeability To begin with
1t 1s clear that we are dealing with a basie
process 1 the physiology of metazon In these
complex organisms the life of the multitude
of cells m the mtimacy of tissue depends
ultinate analy<is on the ample and continu
ous exchanges thit take place across the nall
of capillary vessels between the blood plisma
on one side and the mferstitial flmd on the
other To continue many pathologie conds
tions ean be traced bick to errculators dis
turbanees 1 general and to vamations in
capillary permeabihity an partienlar an out
standing example bemng the mflimmators
process And to finsh the mechanisms
volved 1 the esehange of Inrge quantibies of
water nd solutes across the eapillary wall
are still poorly understood
Studies on the structural aspects of the
problem earried out over many years by Iight

mieroseopy lrave reveiled only 1 few general
morphologie fetures that facilitate the ex
changes one could Iist under this herding the
small dinmeter of the vessels their organiza
tion nto 4 tight meshnork that ensures a high
surfice to volume ratwo for the erreulrting
blood and finilly the extreme tenwitv of the
capilary wall A description of these foatures
together with an attempt to quantitate them
m terms of capillary iolume and eapillary
surface per umt volume n various tissues
fizured prominentls —for 1nstince—in August
hrogh s book The Anatomy and Physiology
of Capillaries  wlich summarized what was
Inown m 1928 about the morphology and
phistolo,y of blood capillaries ! In thys book
which had eonsiderible mfluence on the sub
scquent developmunt of the ficld Krogh as
sumed that the capillary whll consisted only
of alaver of endothelial cells® but 4side from
stressmng thetr extreme thinness dwd not fur
ther mquire mto structural deviees directly

From tte Rockefeller Institute for ‘edieal Te
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Tte existence of a sccond layer ealled tasement
membrane ( Grundhantehen ) was desersbel how
ever by many listolomsts 8 e for mnstance Ben
minghoff ¥
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BLOOD CAPILLARIES OF THE HEART AND OTHER ORGANS 369

mvolved m eapillary permeabilits With this
m mmd 1t would be fair to say that we i
herited from our light microscope predeces
sors a good knowledge of the general layout
of the eapillary vessels but practically no
knowledge regarding their fine structure and
especially the structural detuls mvolved mn
eapillary permeability
By comparison the physiologic aspects of
the problem have beun more thoroughly mves
tigated and seem to be better understood
Tier since Starling s 1896 hypothesis 2 1t has
heen assumed that the force that drives the
flmid out of or mto the eipillary vessels 13
the difference between the hydrostatic and
osmotic pressures of the blood plasma § More
recently however 1t has been realized that
exrhanges that operate om this hasis are
rather modest (a few per cent of the total)
and that the mechamsm m qiestion may be
more important for mamtammng the blood
volume than for earrying throu.h adequate
exchanges between the blood and the tissues
In this respect 1t 15 generally 1 reed at pres
ent that diffusion plays the major role but
difficulties are encountered when physiologie
results are mterpreted m structural terms
r and s col 4+ for
mstance conclude that the permeabihity char
actersties of the capillary wall could be ex
plamed by assummg that the wall 15 2 m1d
partition provided iwith patent permanent
pores of « 60 A effective diumeter whereas
Chiard and his colleigues® believe that the
wall hchaves lthe a lammar gel permeated by
a continuous agueous phase—fibrils and mter
fibrillar spaces 1n the gel bemg of molecular
dimensions
It slould be pointed out that m all these
struetural extrapolations 1t 1s assumed that
the capillary wall consists of a single cellular
laver the endothelum In Pappenbeimer s
formulation the postulated pores occupy a
small part of the wall surface (— 01 per

U

TActually the algebraic sum of the follomang te ms
hydrostatie pressure of the blood plasma osmot e
pressure of same bhydrostatic p essure of mtershitiil
flud ( tissue pressure ) and osmotic pressure of
same
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cent) and are presumablv located along the
cell junctions cuttm,—so to say—through the
intercellular cement a hypotheteal substance
that fills all the intercellular spaces of the
endothelinm  The liypothesis according to
which the exchianges between blood and tis
sues are earried through these eement filled
spaces was origmally advanced by Chambers
and Zweifach ? Before ending this short re
view of the physiolozie aspects of the problem
T should add that the capillary wall 1s more
permeable to imd thin to water soluble sub
stanees For this reason Pappenhemmer? and
Renkimn and Pappenhemer have actually pos
tulated = double pathway aeross the wall wvia
the pores for water and solutes and via the
cells proper for lipid soluble substances

The Fine Structure of Blood Capillaries

This was the general state of our hnowled, e
before the electron mieroscope was used to
nvestigate the strretural aspeets of the prob
lem The remvestigation has already provided
a larze body of informatron and has estab
lished firmly at least two ponts f8°9

Furst The capillary wall 1s a multilayered
structure In addition fo a ccllular endothe
hal layer which conld be deseribed as an
nternal tume 1t comprises an acellular layer
—the basement membrane (mddle tunic)—
and an outcr discontmuons stratum of cells
and fibers that constitute an adventitial tunie

Second  Although stmular m their general
construction capillary vessels differ con
stantly and characteristically m their strue
tural details from tissue to tissue or rather
from groups of tissues to groups of tissues
The differences affect primarily the cellular
layers the endotheltal 1nd the adventitral
which could be discontinuous or even absent
whereas the basement membrane generally
persists as 2n unmtercupted liyer This con
tmmty of the mddle tume or basement
membrane emerges then as a common strue
tural feature for practieally all types of
capillary vessels <o fir examined *
" Seo however Bemnett ot al sad Woed® oo T
problem of hepatie »f::aei.::m:“ oo on the



370

With this preparation we can start review
1n,, the electron mieroscopic evidence * Fizure
2 tllustrates the ty pe of capillary encountered
1 a <} eletal muscle and i other tissues of the
soma but also present m certain viscera ¢ g
the myocirdiim nd the smooth muscle of
the digestne and reproductive tract It 1
characterized by a continuous endothelim
09 to 02 g thick and 4 contmuous basement
membrane The endothehal eells ave extremely
flat but otherwise simtlar 1n orgamization to
other anmmal cells They possess a nucleus 1
centrosphere region with 2 centrroles and 1
few small piles of smooth snrfaced eisternae

The morphology of blool eamlltries was studiel
1n 1 number of small mammals (rats hamsters gume
113 ratlits) by electron meroscopy using tissue

pecumens fixel m O O (huffered at pH 74 to
7¢) nd embe tded m metl aerylnte

The eperimental work 3 13 c1rriel out exelusively
on rat usmg the same preparitive jroce tures for
clectron microseopy

PALADD

a more or Jess developed endoplismie retiu
lum  ribonucleoprotemn  (RANP) particles
mutochondrin and a eytoplasmic matrix in
which fine fibrils can sometimes be detected
The only distinguishiny although not unique
feature 13 represented by a )irge number of
vesieles!™ 1 Joeated immedintely below the
cell membrane long both the blood and the
tissue fronts of the eell (fig 1) A closer ex
amimation reveals that some of these vesteles
are open to the cell surface while others are
closed Thowt open could be deseribed s m
vagmations of the cell membrane since their
limiting membrane 1s contmuous with the cell
membrine In this situation therr eontent 15
also continuous with the extracedlulre flud

blood plasmi on one front of the eell and
terstitial flid on the other Between closed
and open yesicles a whole spectrum of possible
mtermediates 15 encountered Crizing sections
show the veswles are quite numerous—120 to
140 per g —on the lmnmal as well as on the

Explanation of Plates

Ll figures represent electron micrographs of rat blood capillaries The corresponding
1 suer were fired i osmum tetromde and embedded n methacrylate The sections
were stamned uith lead hydromde and  andirhed tath carbon or formuar films
before exammittion Ceneral Abb ’ ) \

FD epthelion T capllary lumen

Frorrr 1 Figures 1 and 2

Wall of blood capdlary 1n @ <keletal muscle (rat) The lumen wlhich contams pre
cipitated pla ma protems 1s marked L and the perscapdlary space PS The capillary
wall conusts of an wner or endothelial tume (F\) a muddle tunmc or basement mem
brane (BM) and an adtentitial tumc reprecented here by a feu collagen fibrils <een
m lonqitudmal (ef) or transterse (of ) section Small vesicles an the cytoplasm of
the endothelial cell appear ahgned behind the lumunal and tisswe fronts of the cell
Some of them (1) are open to the cell surface and could be described as ynagmations
of the cell membrane ofhers (v ) are closed and appetr located deeper 1n the ytoplasm
In this ca ¢ t1e number of vesicles 11 greater on the fissue than on the lummal front
of t1e endothelium X 73000

Ficvre 2
Ceneral view of a transversely sectioned blood caplltry 1 a sleletul muysele (rat)
The tumen s marked L and the penscapillaryy spaces PS Pirts of 3 endothelal cells
FNy BN RN form the wner tume at this level theer junchions appear at 3, ]
and )y The nuclens of one of the endothelal cells can be swen at n

The mildle tume or basement membrane 13 marked BN It ar relatirely wuell
uthned tcarl the endathehum from tthich « 13 eparated by a shallow subendothelial
apace () and frazs into distimet fibnls (t£) towrds the perwcapllary spaces

The adventitizl fume 15 represented by part of a perieyte (P) characteristically
enwcrappel beticeen 2 leaflets of the bisement membrane X 35,000
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Tigures 1 and 2 (See legend on oppo ite page)
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11 sue front of the cell (fig 3), and a few sim
ple computations mdic ite that the vesicles rep
resent a eonsiderable amount of membranous
material  about 2 p of membrane belind
iy of cell front and aceount for a sizcable
pirt of the total volume of the el « 1/3

The spectrum of appearances encountered
could be explammed by assummg that the ves
wles are formed by invagmmations of the cell
wembrane that are pinched off tnd become
closed elements m the (ytoplasm carrym, m
noprisoncd droplet of extracellular flud A
reverst proccss would evidently produce the
same <eries of appearances but this time the
sequence would stirt with 1 flund filled vest
cle 1n the ¢ytoplasm which moves to the sur
fice where 1ts membrane coalesees with the
1l membrane and where 1ts coutent 1s dis
charged 1n the extracellular medum by the
orifice ereited at the «te of the coalescence
If the 2 processes are combmed the vesieles
could transport flurd from one front of the
cell to the other 1n small morc or less equtl
portions or quinta The diamcter of such a
pocket 15 ~~ GoO to To0 A and 1ts volume
~ 100 000 mu® to — 160 000 my*

1hss hy pothests has been tested expernnen
tally but before presenting the appertanung
results I should ke to close the morphologie
mquiry by resienmg anformation obtaned

PALADE

on the eell junetions and on the basement
membrine 1n this type of eypillary At the
Icvel of the cell junctions (fiz 4) there s a
narrow ntercellnlar space ~ 100 A that sep
arites 2 symmetric densifications of the
apposed cell membranes The latter 1re some
tines bicked by a condensation of the sub
Jacent eytoplasmic matrix What seems to be
mnportant 15 the fact that the narrow mnter
cllulir _ip 1s occupred by 1 matersal of
moderate density frequently condensed mto
a denscr ntermediary laver or lmmnt In
other words the mirrow mtercellulir gap 1
not an unobstructed passage from the Jumen
to the perieaptllary spaces The matesal m
tte gap docs not represent however the ce
ment substance postulated by hght microscope
stadtes Thit cement was supposedly charac
terized by 1ts ability to reduce silver 1ons to
mctal ind become impregnated by it In elee
tron microseopy the silver deposits appear
spreud over a broad band centered on the
Junction  lbut preferentinlly  eoncentrited
within the zones of densificatron of the ad
Jcent ¢y toplasm 13 The presence or absence of
pores 1 the intercellalar spaees wil be dis
cussed later

The second layer the middle tume of the
capillary wall 1s represented by the basement
membrane which appears as 1 eontmuous

Fiuure 3

Tigures 3 and 4

Grimg ection cf a blool capillary of the myocardm (rat) showng the large number
and wrr gular distribution of vesicles (v, v ) on the tisue front of the endothelium

The stoma® of some of these vesicles ve

clearly as a light arculir area (v )

thesr opemung to the cell surface shous

The basement membrane appears as a densely maited felt of fine fibrils (£) with
sparse Dahtly thicker fibrils tn sts perspheral layers (tf) A few collagen fibnls of the
adr ntitit are visdde at of A acent muscle fibers are marked mf X 20,000

Frourr 4 a and b

Tputl elial cell gun ti ne wn bload capall irres of sheletal muscle (rit) The tht keming
of t1e apposed cell menibranes 13 11 1ble an Fig 4b n betueen the short arron  The
ccmpinion dennification of the subjacens cytoplism hotes more clearly i Fig da at d
The wntercellddar space (1) 13 oceupt d by a maternitd of hugher density than that

filling the pers apillary spaces

\cte 1n both ca es the oblique or siwsordal conr e of the junctions the peendopodia
(ps) tiat flink tiem on the lummnal front and tle fact 11at the V1« ement 11 mbrane
pas es wathout interruption or wfolding oter the juncton (long arrows) The fihrillir
terture of the baserient wmembrane can be distnjuhel at £ Collagen flbrls are

markel cf ¥ "1400
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Figures 3 and 4 (See legends on opposite page)
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coat of moderatels dense material 200 to 500
v thudnes The hmits of the coat e
rither sharp toward the endothelmm  from
which 1t 1 separated v a narrow subendo
thchal sprce and more poorly outlined to
ward the pericapillars spaces In tlis direc
tion the bicement membrane comes 1n contact
with varous adventitral elements—collagen
and elwstic fibrls and cells of varied type
pericites macrophages fibroblasts and others
In view of the temuts and moderate densits
ot this brsement membrane one may wonder
whether we are dealing here with an indc
pendent structural element of the wall or
merely with 2 condensition of the ,,round sub
stance of the eonnective tissue which eould
disperse easily once the endothelial substrate
16 rentoved The nswer 1s tound n damaged
specimens whielt show extensive retraction of
the endothehumn although left belnd the
bisement membrane sabests 1s a distmct
luer apparently 1t »s cohestve enonh to e
sist the various mechanical and clemieal m
sults involved m our preparation procedurcs
Tn specimens fixed by osmium tetroxide the
Lisement membr ine appears 1s an amorphous
laver of more or lews homogenous density In
preparations stained by heivs etals how
ever fine fibrillar elements of higher densits
can be demonstrited therem (fi, 5) In fact
2 ty pes of fibrillar elements etn be recogmized
one finer and ti htly meshed in the mner
parts of the laver another eoarser Jiss abun
dant and less intertwined m the outer parts

PALADE

of the structure Grazin, stctions throu h the
cipillary wall e partrenlirly favorable for
demonstratin,, these fibrnillar components both
of which appear to b distinet from mature
collagen fibrils they are tlunner and do not
sltow the charac teristic persodie pattern of the
latter The coarscr of the fibrils found 1n the
basement membrines look movphologteally
stnular to a speqal tvpe of fibril usually en
countered atound elastic fibers Needless to
say the chemmal nature of a1l these fibrillar
elements 15 unknown

On the strength of this evidence we ecan
condude that the bascment membrane 1s a felt
of fine fibrils and that the meshes of the felt
scem to be filled by another materinl a m1
trix  which still appears mmorphous at the
present level of resolution

50 this is the type of construction encoun
tered m most capillaries between the blood
plasma and the mterstitia]l flmd 1n inter
sposed 1 suceession of barriers consisting of a
continuous endothellum a continuous base
ment membrane and an adventiia that n
tlus ease 1s discontinuous enowh to be neg
higible as a true barrier

on Blood C in
Striated Muscles
What 15 the functional role of these lavers
i blood tissue exchanges? What structures
pirticipate and what mechamisms are involved
1 the transport of various substances deross
the wall®

Tracer Ex;

Ficure 5 Tigures 5 and 6

Seetion thr ugh a bent blood capillary of the myocardinm (rat) The lumen cxt sn
« places (Ly L) 13 marled by collmdal gold particles The endothehal cytoplasm
contuns small 1esicles (v) and KANDP particles (v} In the nuddle of the field o gra g
cut through the batement membrine erhibits ats poorly resolred felt hke texture (f)
X 82000

Ficere 6

Bloot capillary of the myoctrdiwum (rit) 10 tunutes after an wutravenous snjection
of «llor]il goll (90 mg in 15 ml) The lunen (T) 15 marked by gold particles
(1) tche h are alw present i the endotheluni—uathn small vesieles (g, gs) m the
¢ ement membrane (g} anln the pericapiliry paces (g ) Mote the sharp decrease
an j irtecde concentration from the lumen to tle endothelinm and the f1ct that within
t1r latter the tracer 13 ye tricted to ve i les anl does not hate acce 1) the cytoplasmie
natrix 42 the level of this section the endctl eliem 1o corerel bu the long process
1 a pericwte (P) 73,000
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To find an answer to such questions we m
Jected mto the general cireulation a tracer
small enough to gne memngful information
and dense enough to be scen individually n
the electron microscope Ferritin molecules ~
100 A i diameter* and mucelles of colloidal
gold ranging from 30 to 200 A proved to be
useful for this tvpe of work At intervals
rar_ing from 2 to 60 minutes after the mjec
tion of the tracer mto the general urculation
specimens for electron microscopy were eol
lected from the heart or tongue to t1l ¢ advan
tige of the high coneentration of eapillary
vessels 1 the musele of these organs Collordal
gold particles were found 1n large number m
the lumen nd 1n eonsiderably smaller num
bers 1n the endothelium basement membrane
and pericapillary spaces (fiz 6) In the endo
thelium they were as 2 rule restricted to the
vesicles deseribed 1n the vieimty ot the cell
membrane the only other structure tn which
they were encountered bemng the so ealled
multnesienlar bodies Only occaswonalls were
particles found 1n the eytoplasmic matrix
(fig 7) Since 1 relatnvely large number of
mcelles were detected 1n the perieapillary

PALADD

spaces 1t can be concluded thit they had been
ferried across the endothclium by vesicles In
these experiments only an oceastonal or no
accumulatton of particles was found against
the basement membrane, apparently it al
lowed practically 2l micelles that crossed the
endothelium to pass After longer time inter
vals one hour for instance the situation was
comparable exeept that most of the particles
m the pericapllary spices were found m
gested by macrophages It should he stressed
that no tracer was found at 1y tme m the
miercellular spaces of the endothehum The
results obtamed with ferritmn molecules werc
Iess elear cut ¥ Frequently the tiicer was
found restricted to vesicles within the endo
thelum but sometrmes ferritin molecules oc
eurred freely dispersed 1n the c)toplasme
matrix with no mndrcation of how they reached
ths location

On the strength of the results obtained with
eolloidal gold it can be concluded that the
vesteles of the endothelrum do funetion in
transendothelal transport It 1s clear thaut
they ferry the mirker wcross the endothelium
and 1t 1s lughly probable that togcther with

Frgure 7 Fignres 7 and 8
Blood capillary of the myocardium (rat) 10 minutes after an infraienous ngection
of collordal gold (90 mg wm 15 ml)} The srregular lumen 13 marked by circulating
particles (g,) The endothelium contamns o number of wmlir particles enclosed smgly
(g g3) or severally (g4) mto tesicles One tracer partile (g ) appears aganst a
slightly dense patch wchich could correspond to the top of a sectioned vestcle another
particle (gg) 18 defimtely free w the cytoplasmic matng 4 few tracer particles (gy)
hate reached the perscapillary spaces

Mote that many other vescles (arrows) comtamn small particles that seem to be
attached to the smner surface of therr membrane Thewr identification as gold collowdal
mucelles ts uncertatn because thewr density 1s low and thewr form wregulsr X 77 000

Figore 8
Small blood veseel (renule} m the cremaster of a rat 25 munutes after a lieal subew
aneous tngection of histamme The tracer colladal mereuric sulfide was previously
snyected 1 the general errculation
The lumen 13 occupred by 3 erythrocutes (RBy 3) The endothelum (EN;, FN )
1 discontinuous through the gap marked by arrous tracer purticles (4;) ckylomicrons
(ch) and a red blood cell (RB,) havre pemetrated and dissectel the wall up 1o the
‘Vasement membrane (BM) which n thes case appears partienlily thin and poorly
outlined “ote that most of the particles are retatned by the basement membrane and
that the mitramural deposit 13 haghly concentrated presumably as a result of water and
solute escape through the basement membrane “ote also that of the few particles
which hare yeached the perscapillart spaces (t ), sone have already been ncorporated
(t3) by a phagocytic element (PC) X 16,000
[
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the marher they transport water and solutes
since there 15 room enough for A few hundred
thonsand molecules of correspondin, size m
wddition to the traccr particle i each vesicle
of 650 \ diameter If this modality of trans
port seems to be wtll cstablished by our ex
permments at should be pointed out that ats
relatine miportance m the overall exchanges
between blood and tissue fluids remamns un
huown  transport by vesicles my account
tor all or only for pirt of these exchanges
and only future quantitative worh will tell
us whethter we are dealing here with the main
mechamsm of trinsport or with an accessory
one of Inmited nuportance
In any «1s¢ 1t should be realized that trans
port across the endothelum represents onlv
one step n the antne operation [here 15 a
second barrier to be crossed the basement
membrine and 1f in the experiments <o far
reportcd 1t did not mirhedly affect the pas
st.e of the tracer this does not mean that it
will behave m the same way under different
conditions or mn respect to other tracers In
fut there 1s good ground to assume that the
bisement niembrane should play an important
role in such exchanges the prineipal reasons
bemng the following 1t 15 difficult to asenibe
spectfiests to a transport 1 quanta and more
over there are types of capllaries i which
the endothelmm 1y disecontinuous or fenes
trated and 1n which the blood plasma gains
direct fecess to the basunent membrane
whieh 1ppears to be the only continuous bar
rier 1n the wall of the vessels

PALADE

on Renal Gl il
Capillaries

Capillartes with a fenestrated endothelium
are encountered m many visecra ® 18 and the
fenestration of their endothelum becomes
particularly extensive i the glomerular capit
laties of the hidne; In addition to an exten
sively fenestrated endothelum these capil
laries are rharicterized by the cxistence of a
third cellular 1ver—made up of the pseudo
podia of the visteral epithehum Their base
ent mentbrane 15 also thicl er and apparently
more substantial than i other capillaries
visceral or somatie  Glomerular capllartes
represent a favorible object of study beeause
m their case we are dealing with one way
trinsport only—1e from the lumina to the
capsular space—and bucuse the nature of the
<psular fluid s relatively well known It bas
been eollected by direct mieropuncture m a
number of species ind its analysis has shown
that 1t 1s a protemn free or almost free filtrate
of the plasmaef ?

In the experiments on glomerular capillar
1es earried out mn collaboration with Drs
A Farqubar and 8 Wissig the tracers used
were agan ferritin and collmdal gold 1% ¢
After short time intervals (3 to 15 minutes)
the ferritin was found 1n high concentrations
n the lumen From the lumen 1t appeared to
ram free access, through the fenestrae of the
endothehum to the Dbisement membrane
Within the latter the tracer was found m
notrceibly lower concentrations and more or
less evenly dwstrnibuted 1n surface and

Tracer

Tigure 9
Renil glomerultr capillary of a mephrotur rat one hour after the intrarenous snyection

[ 0 mg ferrtim

The baserient membrane (B) cros es

quely the field sey

the i

(LP) at left from the endotheliim (EN) at right The lumen 13 hardly 11 Wle at the
extreme right Iarge deposits of fernstin wfiltrate the spongy arcas (sa) and the luminal
Lryers of the basement membrane Such deposits sdentsfy the basement membrane as the
main filtration barrier Fewer particles penetrate the peripheral layers of the filter

nd rea 1 the epithelium where they can be seet m ani

of the eell memb

(1) i closed tesicles and mall 1acuoles withn the cytoplasm (L) and wn dens

bodies cr ab orption droplets (t5)

1t ths relatively late time pomt the endotheltum contayns membrane bound racuoles

(pb) filled with packed fernt,
filtration deposity are remored X “3001

of the phagocytic actitity by which the
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Figure 9 (See legend on opposite page}
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depth TIen ferritin molecules reached the
foot processes of the epithelial layer, and
those that did appeared to be eaught either m
small myvaginations of the cell membrane or
m small vesieles withmn the cytoplasm After
fon.er time mtervals (30 to 60 munutes), 2
new noteworthy features emerged first there
ws a gradual increase m the eoncentrition of
the marker i the lumnal strata of the base
ment membrane and finally extensrve piling
up of ferritin molecules against 1ts Juminal
surface second the number of ferritin mole
cules c¢aptured by the epithehum 1ncreased
and n addition to those loeated 1n membrane
imaginations and small vesieles m the foot
processes the tricer appeared 1n the cell body
proper 1n large vacuoles and 1n dense bodes
To confirm these findings, we also admmms
tered the tracer to rats rendered nephrotic by
tr with the 1 de of puro
myem ! In such cases the permeability of
the glomerular capillaries 1s nereased and
sibstantial amounts of blood proteins are lost
during glomerular filtration In nephrotic
ammals the pilin, of ferrtin agamst the
bisement membrane was about as striking s
i nermals after long time mntenals (fig 9)
but the amount of ferritin 1n the basement
membrane and 1n the epithelium was eonsider
ably greater (fig 10%) The epitheliwm showed
1ts typical response to the nephrotie condi

Tigure 10 reproduced from Farguhar 3 € anl
Palade G F of ferntin 1n g
absorpts n droplets J Biophys & Biochem Grtot
7 @ 1960 Bj permus ion of the Journal of Pio
phrsieal and Brochemical Crtology

PALADE

tion the extenstie disappenrance of the foot
processes In these altcred epithehnl cells as
n normal enes the marler was restricted w
membrane imited spaces 1e veswles vieu
oles and dense bodics In nephrotic ammils
there was a defimite reduction 1n the extent
of the fenestration of the endothelrum
From these experiments 1t ean be safely
coneluded that m this type of capillary the
mamn filtration barrier 15 the basement mem
brane The tricer 1s retamed by at 15 by 2
filter It 1s elear however that the filter 15
mperfeet Even under normal eonditions 1t
leaks a detectable amount of the tracer which
15 recovered at least in part from the filtrate
by the epithelium that seems to function as a
monitor of the filter proper As expected, op
erations connccted with this recoverv are con
siderably enlianced when the filter becomes
more leaky 1n nephrotic antmals Turning now
to the filter propcr 1t should be pointed out
that the ferritin moleeules that escape through
1t were found distributed at random within
the membrane There w1s no preferred rela
tionship to the shits of the epithehum for m
stance oreover nd probably more mmpor
tant no pores were seen 1n the basement memn
brane The tracer molecules were found em
bedded m 1ts substiee withont chiannels
ahead or truls belund Pores of simple geom
etry allowing the passage of 1 ferritin mole
cule wonld have 2 ditmeter 1n excess of 100
A and should be visible Sinee they are not
we are Jed to conclude that they are either
extremely tortuous 1nd consequently diffienit
to see 1n sections of the thickness used (~ 500

Figure 10

Iart of a renal glomerulus 15 a nephrotic rat 2 hours after the intravenous myection
of w0 mg ferntin

Mo t of the field 1s occupied by part of an epithehal eell (FP) tckich contans the
marker (fesriin molecules) 1n small vesicles (t)) small tacuoles (1) large tracuoles
with @ hght content (ta) of v dn (ty)
—tuptcal dense bodies (t to t;) It 1s assumed that all these forms represent progres
ite atages an the segregaton and concentration of the marler and other materals
sncorporated by the cell from the glomerular filtrate

The basement membrane (D)) of the mpﬂlrlu corered by this epitheltl cell
appears in the upper left corner tnf by ferntin i

Tle Tumen 10 not v1eitle 1 this field but some urnary spaces can be soen (US)
X “3pm (From Farqular ani Palite J Bioghy & Bi Tem (ytcd ™ 4~ 140)
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to 800 A) or that permanent pores do not
«xist One has the impresston that the marker
moses through 1 ytelding gel creating a chan
el 1s 1t moves As far a5 the actnvitres of the
other lavers are concerned thev appear to be
aneillary 1f we restrict our interest to the
filtration process proper and disregard mor
phogenetic processes for the moment The en
dothelmm scems to function as a vahe that
regulates the amount of plasma which gains
direct access to the filter whereas the ep1
thelium behaves lil e 1 momiter which partly
«ompensates for the imperfections of the fil
ter Aniloles with the endotheltum and the
adventitial cells (prunarily macrophages) of
muscle capillaries are quite evident

Effects of Histamine and Serotomin upon the

Structure of Small Blood Vessels

In the light of these expermments on glom
erular capillartes should we conclude that
the bisement membrane s also the mam filter
m musele eapillaries 1e 1 eapillaries with
a continuous endothelinm and that in the
latter the vesieles represent only a more re
fined valve than the fenestrac of the glom
erular capillaries?

The last experiments to be reported su.gest
that such a conclusion 1s justified at least m
part In collahorition with Dr Guido Majno
and Miss Gutta Schoefi 3 from the Depart
ment of Pathology at Ilarvard we tried to
find ont what changes are ntroduced 1 the
structure of blood capllaries by loeal hista
mine or serotomin treatment which s known
to increase the permeability of small vessels
marhedly ! The experimental device was
sumple and relted primariy on the discovers
of 1 firorable specimen  the cremaster of the
rat a thin laver of striated musele~2 muscle
fibers thil —located under the shin of the
strotum The marker tlis time a cotraur col
toadal particle of mercurie sulfide (200 to 500

X 1n divmeter) was mtroduced mto the gen
eral arculation and histamine or serotonm
m doses of 50 p. and 5 pg respectivels was
mjected locatly between the shin and the
eremaster The Intter was exersed and fived
at various time pomts thereafter either m
toto for hight microscopy or mn small blochs

PALADF

for electron mueroscopy The effect of the 2
ammes becomes visible under the dissecting
mucroscope 1 approximately 3 minutes and
spectacular in 10 to 1o mimmntes It eonsists m
o spotty blackeming of the vessels that other
wise retamn their usual appearamee 1t low
magmfications The electron meroscope pro
vides a satisfactory explanation for the black
enmg  The ¢ lesion produced by the amines
v 2 locl discontinmty m the endothelium
apparently caused by the pulling tpart of 2
endothelial cells over longer or shorter dis
tances \ gap 1s thus produced through which
the plasma loaded with the marker gatns
direct 1ceess to the basement membrane The
latter apparentls lets the water and manv of
the solutes pass but as 1 filter retains the
marler In tune relatively large deposits of
HgS particles accmnulate within the wall of
the tessel and start to dissect its layers I
should point out that the tmines affect prefer
«nttally the small venules as clearly ndreated
by the exammation under the ight microscope
of eremasters mounted m toto * but the le
sions extend on the vascular tree toward the
cipillaries 1t least toward their venous ends
In view of the preferential loeahzation of the
lestons m ateelf a very intrigumg finding at
1 not surpriang that the morphologs of the
affected vessels s cometimes estremely com
plex Successne and unequal deposits are
found i the thiel ness of the wall clexving
aits various lyers which in the cace of a
venule can be more numerous than m the case
of 1 captllars  In addition to the marker
many other cirenliting partteles ire retuned
by the filter Frequently (hylomicrons aceu
mulate within the nall together with deposits
of proteins some of which polvmerize into tae
toads with the piriediaty of fibrin Finallv
cellular elements 1¢  platelets ersthroes tes
and leuboestes fiud therr wav mto these dis
sectan,, tnenrsysms of the wall of the vessels
What 1 remarhable 1 the faet that with all
its tenmty and poor defimtion the basement
membrane of these ves els 15 capable of re
taimng the large deposits formed by the res:
dues of filtrition Relatidly few particles
reach the perreapilliry spree and those that

Ciculation 3 1 m YTIV A gust 1961
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do are rapidly picked up by phagoiytic ele
ments located along the vcssels (f, 8) The
uffect of histamine on the structure of blood
capillaries has been surveved by Alksne ®
who arrrad at the conclusion that the amine
mereased the pmouytic aetivity of the endo
thehmm 1n addition to eansing the formation
of channels across the endothelial cells The
differences m results and interpretation be
tueen his and our expermmcnts are due to
ifferences 1 specimens and time points ex
ammed In his case the specimen (shin) was
less fatorable and the timmg inadequate The
results of the histanune and serotouin exper:
ments mdicate clewrly that the basement
membrane of the venunles and eapillaries of
the cremaster behmes when denuded like
that of glomerulir capillaries 1t proves its
alility to function as a filter by accumulating
a conspicuous filtrition residue let 1t 1s too
eirly to conelude that the endothelium does
not screen what 1t transports at tl for so
far only a very small number of various hinds
of particles have heen tested

General Comments

Admittedly much remans to be done before
the relation between the structure and the
function of various capillary vessels 1s clearly
understood but the findings so far recorded
already sug.est distinet roles for the succes
sive lavers of the cipillary wall and point to
the basement membrane as a functionally un
portant component Thiy laver appears to be
the best candidate for the role of selective fit
ter It remams to be seen however whether
1ts selectivity can be explamed by simple de
vices such s pores of fixed geometry or by
more eomplex properties In this respect the
Iigher permeability of all capillaries to ipxd
soluble submtances {when molewules of s1m
lar diameter are considered) should net be
forgotten With this m mmd 1t 14 to be re
gretted that we know so Little about the chem
13try ot the filter Whatever we hnow 1s de
rived from histochemical tests which indicate
that the basement membrane consists of a
mucopolysaccharide 7 probably conjugated or
associated with protemns More knowledge will

€ tmVim YVIV Ag ti1962

undoubtedl; be helpful I hope that the work

presented may act as a stunulus i this diree

tion
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can meur some debt Perhaps, the extraord:
nary number of mitochrondria in cardiac
muscle may mmprove its efficiency 1n meeting
s energy requirements which are continu
ous

Dr Fuhman 1 should like to direct 2

question to Dr Palade Although your pres
entation this morning mdieated that the eapil
lary endothchum may be continuous or dis
continuous 1t made no riference to pores i
the basement membrane these pores are gen
erally held to be involved 1n the transport of
flids across the capillary walls Quanta
seemed to replace pores for this movement of
fluds But by what mechamsm do gases move
aeross myocardial capillaries

Dr Ialade There would be no problem
there because I suppose gases moie Vvery
casily across the cell membrane and probably
can move easily 1teross the basement mem
brane

Dr Fishman 1ou believe then that water
erosses the eapillary wall by a different route
from that traversed by gases?

Dr Palade WWhat we are proposin, 1s sim
ply a discontinnous ehannel for a continuous
channel We are also pomnting out that 1n ad
dition to discontmuous or eontinuous channels
i the endothelium diffusion or exchange
veross the basement membrane must still be
taken 1nto account

It 1s ensier to tccount for the movement
of larger molecules by this mechamism than
of witer As Dr DIishman has intimated thrs
15 2 mecliamsm geared particularly to ex
changes m wheeh lirge partiddes or molecules
are mtolved other mechamsms molving
pores have to be postulated for the mechanism
of water In amy ease 1f the pores do exist
they are helow thie practical hmits of resolu
tion of the nueroscopu 1¢  below 20 or 15 A
The dimensions postulated have not been seen
and again thev should have been seen

Dr Fishman Mav I clo e this by ashing
do you i urlize anv rule for pmocytos:s i
this transport mechanism?

Dr Palade What T have deseribed 1s some
what comparable to pinoey tosis The only duf
ference 1s that nstead of getting large and

DISCUSSION

more or less unequal particles picked up by
the cell-ze droplets of fluid piched up by
the cell—the vesteles are submicroscopic

Dr Anlton Lendowne (Baltimore, Mary
land) Would vou comment on the possibility
that the sections are actually those of highly
tortuous channels rather than vesicles?

Dr Ialede Tiis ean be answered by
studying serial scctions, and serial sections
show that the large majority of these vesicles
are mdependent structures—that thev are not
part of a continuous svstem of tortuous chan
nels

Dr Rhodin In this connection, I should
Iike to ask Dr Palade 1f he thmnhs that the
entire flmid transport oceurs via these ves:
cles? Studies of the hidnev have led us to
believe that the intercellular space 1s utilized
for the transport of flid Would tlus also ap
ply to these eapilliries?

Dr Palade I can only restate what T
have already said The markers that we used
are not found at the level of the intercellular
spaces Some of these markers 1e the col
loidal gold particles are very small—of the
order of 80 or 40 A Therefore they would
have access to pores 1f pores of the order of
60 A Qo exist at the level of the cell Junctions
or at the level of the so called cement sub
stanee

Dr Rhodin Dr Huxlev I should like to
ask 1f vou have been able to see the fine cross
bridges between the mvofilaments which you
demonstrated so beautifully here mn prepara
tions other than the glyeerimated muscle? I
am net questioning your results but 1t would
be pleasant to find them m ordnary fixed
muscle

The 1¢1s0n for bringin, up this question 15
the hnowledge of the results obtiuned by
Sjostrand and Andersson Cedergren (J Ul
trastructure Res 1 74 1957) who suggested
that each filament 1s composed in turn of
subfilaments—umt filtments—arranged m 1
helteal or perhaps 1 a emled fashion

Dr Hurley We can see the eross bridges
m preparations of frog sartorius musele for
stance or of one of the toe museles They
do not show up so clearly as they do n the
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glycermated muscle, but they can be seen
quite distinetly As a matter of fact I think
they are wisible 1 a pcture of Iive rabbit
sartorius muscle 1n a paper which I published
w the Journal of Biophysical and Biochen
cal Cytology 1ou can see them quite clearly
m mseet flight musele that has not been gly
cermated

Dr Rhodin Would you hike to comment on
the views of Sjostrand? Do you think a coiled
structure does not exist in these filaments?

Dr Huzxley Well 1 think that the eross
bridges we have seen seem to project out from
the myosin filaments at regmlir intervals
along the length of the filaments and pomnt
toward cach of the 6 surrounding actin fil
ments 1n turn as though they were located
on a helieal course [lus pattern as well as

387

as I know mught be analegous to the basement
membrane It could thus be our destred duffiu
sion barrier whereas the inert laver of the
sarcolemm  which 15 continuous with the
ntracellular structures mught perhaps be 1
structare of verv lngh permeability 1 Is there
any reason to consider the muscle membrane
this way ¢

Dr Fawcett 1 will simplv say that the
musele fibers n cardiac muscle do have an ex
traneous coating that m all respects resem
bles the bisement membrane of the eapillaries

Dr Palade This outer layer 1s stmilar to
the structure of the basement membrane and
to the periphery of every muscle fiber 1n the
shelctal musenlature as well as m the myo
eardium It s different from the plasma mem
brane It can be removed from the plasma

the tapered appearance of the fil at
therr ends would fit m very mcely with the
1dea that the bridges were made up of smaller
subunits myosin molecules with from 10 to
20 myosin molecules lying side by side wathin
the diameter of etch filament and manv
series along 1its length

Dr Wetdmann Dr Rhedm did you really
expect conduetion velocitv to merease with an
mncreastng number of intercalated dises per
umt length other things bemng equal?

Dr Rhodin Yes

Dr Wedmann I cannot quite follow the
argument If you inerease the number of dises
per umt length the electric resstance nside
the fibers can only merease And aceording
to cable theory the propagation velocity then
drops Even 1f you assume something hike
functtonal transmission from 1 cell to the
nest I have dufficulty 1n seeing how a higher
number of such sites should speed up condue
tion Propagation across more synapses can
only be assoerated with more delay

Chawrman hossmann Dr Phodin do you
wish to comment on this?

Dr Rhodin  Not at the moment

Dr Hoffman I have 2 questions In the
eapillary the Lasement membrane seems to
be a diffuston barrier I wonder 1f the outer
layer of the sarcolemma which 1s not continu
ous with the sarcoplasmic reticulum as fir

C Wton Vol m YXIV A gut 1961

It may definmitely act as a tissue
barrier for large particles as mn the case of
the blood eapillary

Dr Podolshy T should Like to ash Dr Hux
ley how he managed to get the 2 sets of thin
filaments to shde past each other Couldn t
they have coiled first and then shipped past
after the contraction was over?

Dr Huzrley That preprration was glyeery
nated muscle thet was shortening 1 ATP
under lod After 1t had shortened down the
required amount the ATP was washed out of
it so that instead of going into the relaxed
state after the contraction was over 1t went
mte a state of ngor

Now on any of the models even ones de
pending on a colling of the actin filaments
where you envt age an mteraction of the cross
bridges with the actin filaments you would
think that when a glycerinated muscle <ame
to the end of 1ts shortening and the ATP was
washed out the bridges would become at
tached permanently to the actin filaments 1n
stead of repetitively this attachment would
hold the actin filaments m the position they
owcupied while the shortenmg was going on
Then there would bu no opportumity for ;hem
to uncerl a.ain—to straighten out—m the cen
ter of the sarcomere as Dr Podolsky sug
gests ”

T agree that this tvpe of observation on 1
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hving muscle during contraction would be
more difficult to mterpret But mn this case
the effect yon see may be sigmficant

D DeHaan Dr Rhodin 1t has been
pointed out that one of the differences between
mjocardium and the specialized system that
Dr Rhodin has just presented 1s the lack of
4 basement membrane n the conduction sys
tem Have you seen this difference?

Dr Rhodin  There 15 a dafference In the
myoeardium s well as 1n the SA wnd AV
nodes each cell 1s surrounded by 2 basement
membrane This membrane 1s eontinuous at
the site where the cells adjomn that 13 at the

DISCUSSION

tercalated disc However i the common
bundle and 1ts branches the entire set of cells
m each tiny bundle—3 fo 4 cells m wdth—
usually 1s surrounded by the basement mem
brine so the functional umts 1n the fiber are
all surrounded by ba<ement membranes

Dr Hoffman Dr Rhodin, where were your
sections of the A V node from?

Dr Rhodin  'The ones that I described as
being A V nodal fibers were tahen from the
approximate middle of the node Of course
as you approich the common bundle there 1~
a direct contmmty between the nodal fibers
and the common bundle fibers

Myocardial Metabolism—1924

When a muscle contracts tension 12 develonel ani external work 13 done if the ter 10n
18 made use of to rase a weight or perform other functions requining expenditure of
energy Tt 15 obvious therefore tlat there must Ye something n resting musele which
pos es es potential energy of some kind and thit on cxeation some change takes plee
n {1 s gystem resulting 1n loss of potential energy We kmow that lactic ncid is formel
and that the actual contractile procu s 1 mot assoeinted with the gwing off of carbon
diouile nor with the consymption of ovigen It 13 mot 1m fact an oxmdition so that tle

tiogen econception fuls here Although there must be some large molecules or aggregate
containing the lactic acid group these cannot to of a proten mature with  intramolecular
oxygen as one mdo chain and an oud: able group at amother plice At the end of the
contraction the cell maehinery poss sses less potential energy and the svstems actually
part epating n the change wnogens 1f we n e Hermann s name though mot exactly
i his sense base let loose lactic aead

Now to restore the system to 1ts onginal state with imcrease of emergy content a
further exothermic retction 14 peces ary In his process the svatem 19 restored to ts
ongmnal state of high potentin) energy so that the retction by which 1t 13 effected must
te one 1n which a consilerable amount of encrgy 1s set free This 13 shown by the large

onsumption of oxygen and Lberation of earbon dioxde indiating oxdation of mome
combustible substance We have scen nlrendy that no mtrogen metatolism s assoctated

\th museular work os ameh the omdisel substance must therefore be carbohvdrate or
1t Tt appears that carboliydrate 1< mormally usel in the muecle itself but f1t appears
alo to be capable of serming ihe purpo e perbaps nhirecth in the intact ammal—
W M Bash a Prnciples of Cen ral Phy tology F1 4 Tonlon Tongmans Green & Co 19 4
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Charrman John V. Taggart, M D

Introduction

by Joun ¥ Tacearr MD

N THIS mornmg s se sion, a great deal
I wis saxd about nlirastructure in the myo
cardiwm  notably eoncermin, the myofila
ments  the endoplasmic retienium and the
wmito hondria as well as the eapillanes We
new know that manv of these strnetures
passess specific brochenmucal and enzymatic
properties

This afternoon s program will deal with
selected mefabohr feitures of the myoenr
dum In an effort fo gawm greater msight
mto the relationshup between struerure and
funetion we shall be concerned mamly with
the so-called mechanachemreal transformation

From the Department of Melte ne €ol pge @ Pl
s1¢ ans and Surgeons Columd 2 University \ew York
New York

that underbes musele contraction that 15 the
waversion of chemieil energy mto mechans
ral work 35 has been pointed out Iy others
the studs of muscle contraetion follows mans
paths and wiolves a vanety of experimental
techoies One of these 15 the analysis of strm
ture about which we have already heard
Another 1s the chararterization of the compo
nent protems of these structures The third
deals with the enzymatie acinities of the
protems and the fourth with a consideration
of theoretiral model svstems Finally we shall
return to the phiysiology nd metaholie Tegn
lation of the mtact tissue

Because onme of the reactions mont fre
quently impheated 1n the proress of musenlar
contraction 15 the hvdrolyais of ATP 3t 55
appropriate that we begin on this note

Biologieal Thinhing and Insestigation
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sk ek shoutd govern all b ologreal thinking
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that hawevet fir we gt we shall still finl

[ e m e pro +ses we explote

the

15 mo Lt to the degree to wlueh the
e commonly €2l 1 phesseal
trespassers will be

¥t wto whel ot s profitalle to go The second i
fnction

adaptation  argans ation
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The ATPases of Muscle Protemns

By Manten T' Moraies, Pu D anp Suizvo W aTaNase, Sc D

The 1deas and resnlts of Blum Qosana Strohman and many others are reviewed and

when consohdated wath the authors
adenosme tniplosphatases ( ATI ases)

work lead to the following micture of musele proten
Two major features of myoen ATPase seem to

be a catalytic interaction between enzyme a metal cation and the terminal pyrophosphate
moicty of gdenosine triphosphate (ATP) and a rate retarding interiction between enzyme

Ng

and the purire ning of ATP Sulfhydryl groups of the enzyme partiapate at both

locs In the eatalytie imteraction an 1omzalle group (ph ca 68) may partiapate Gactin
molecules bindimg ATP (probably by the purine rng) and reheved of their mutual repulsion
thereby gimng nse to the somewhat lJoose

m ylation
possibly heheal structure of F actin

N CONTRIBUTING to this symposium we
are tacitly assumung that as regards our
subject there 1s no substmtal diffcrence be
tween heart and sheletal muscle tissue It has
also to be said that although ATPases are
emphasized m the title 1nd 1n the paper stself
1t 1s very possible 1 view of worl such as
Strohman s ! that i situ one or more of these
enzymes function 1n  phosphate transfer
rather than 1n ATP hydrolysis Such a pos-
sthility would not Vitiate the merit of ATPase
studies swmee the objectrves 1n most of these
studies are (lues about enzyme surfaces and
enzyme substrate interactions For these pur
poses 1t 15 quite lezitimate to consider various
acceptors among them water At the same
time we must acknowledge that even if these
studies were totalls suceessful and we under
stood preersels the mechanisms of the en
zymes we would still have to integrate our
mformation with thit of other speihers mn
order to understand how muscle ‘worhs ”’
In this paper we shall consider primarily
the ATPise aetivities of myosm and actin
but first 1t 13 convenient to touch upon some
propertrs of ATP and 1its relatives

Tescarch  Institute
SQelool  8an

From tle Cardiovascular
Tmsersty  of Califerna “Melea)
Franaiseo Cabform?

Thie reseirct was supported by Grant II3298
from the U 8 Pullic Health Sernee anlly grants
from the Amenean Heart Assoclation and tle
Mascular Dystrophy Assoriations of Amenea

290

Substrates

For the enzymes to be considered the nat
uwral substrate appears to be adenosme tri
phosphate (ATP) A long known propert; of
ATP 1s that ats free energy of hydrolysis s
substantial A possible consequence of this
fact for interictions of ATP with 1ts enzymes
18 the plausibiltty of formation of energetienl
13 costly enzyme mtermediates Other con
cervable propertis of ATP as a substrate
such as charge and bmding affinsties of 1ts
various moleties have generally recerved seant
attentton In recent vears however imterest
m ATP metal eation complexes has been
lindled by mountin, evidence that metal ea
trons plis a eritieal role n ATPase and con
tractile properties

It 15 safe to assume that metal cations are
chelated by the polvphosphate end of ATP
and may form a sort of electrostatic ¢ cement
linking substrate to enzyme and facilitating
distal hvdrolytic attack by water molecules
However enrvmologic nvestigations have
prompted speculation that metal cations also
mnteract with the ring end of ATP, either to
anchor 1t to enzyme or to 1ts own poliphos
phate end The existenee of these ipteractions
ean be ind has been myvestigated n the ab
sence of enzyme To establish further that
these mteractions are part of the *‘normal’
enzymatic process—for example to show that
the true substrate 15 a metal eomplex—is
much harder 1t has not been done deersively
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ATPASES OF MUSCLE PROTEINS

for either myosin or actin although most re
cently 1t has been argued for the relatcd en
zvme creatine kimase”

The thermody namie affinity of metal eations
for ATP {without regard for the structure
of the complex) has been studied by several
competent myestigators and methods and 1t
15 therefore disturbm, that the results have
varied widely The hypothesis that the ade
nmmne ring participates mn metal binding was
first put forth by Blum?® who sou.ht to ac
count for a ring enzyme anchor pomnt and
shortly thereafter by Levedahl* Szent Gyor
gy1® and Eichhorn ® all of whom noted that
simultaneous chelation of metal 1ons by ring
and polyphosphate moreties would stabilize
ATP 1 a corled configuration of possible
functional signifieance Although Levedahl s
measurements* 7 ean blend wrth such a hypo-
thesis direct evidence for rmng metal cation
nteractions has becen wanting Recent pre
limmary observations® by K Hotta and T
Brahms i our laboratory majy help resolve
the difficulties clouding this problem Hotta
and Brahms found that if the athmty (formu
lated for a 1 nucleotide 1 metal cation com
plex) 15 measured at various conecentrations
of metal cation there 1s an mverse correlatzon
between affinity and concentration This
trend 1s also noticeable m the caleulations of
other authors who employed methods of vary
1ng sensitivity and therefore worked at daffer
ent concentrations The rmplication is that
not only a 1 1 complex but alsoa 1 2 complex
exists Hotta and Brahms have not yet com
pleted their study but for purposes of oren
tation we <hall mention that at an lomc
strength [(CH,)y NCI] of 005 M and total
nucleotide and MgCl concentrations of 10
M and 10 M respectively h o5 (ATP) =
8 ¥ 10° and for mosine triphosphate (ITP}
I s (ITP) = 12 X 10° where K 1 the
apparent 1 1 affimity 1 li/mole These val
ues are from pH meter measurements 1 the
neighborhood of pH 68 1e they reflect dis
placement by cations of protons attached to
the polyphosphate structure Protons are
also displaceable from the rings of ATP ITP
and cytidine triphosphate (CTP) at charac
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teristic pH's  In these cases proton detach
ment (whether by reaction with O~ or by
cation displacement) 1s accompanied by meas-
urable shifts m the ultraviolet spectra of the
nucleotides and from these shifts one may
mfer the affinities of the cations for the ring
moeties of the various nucleotides ¥ Taking
advantage of this effect Hotta and Brahms
have found that for the rings K 45 (ATP) =
16 X 10 li/mole and K g3 (ITP) = 15 X
10~ i/mole + They have also found appreca

able ring binding with the diphosphates ADP
and IDP but not witk monophosphates Tibo

sides or free bases Taken together these
yarious observations are strong support for
the general assumption that metal cations can
mteract with the ring atoms of nucleotides

they also mndicate that a (small) fraction of
the nucleotide metal cation 1 are
the curled configuration However 1t remains
for other expermments to decide whether these
configurations have a functional significance
(for imstance for fitting mto enzyme crev

1ces)

In prinaple both gross and subtle proper
ties ot different portions of the ATP struc
ture can be studied by observing the behavior
of analogs (fig 1) Thus 1t has been estab
lished m a gross way that orthophosphate 15
hydrolyzed only from a triphosphate strue
ture (eg ATP or tripolyphosphate PPP not
ADP or pyrophosphate PP) 1In view of
PPP the attachment of a purine or a pyrmm
dine ring and ribose to the triphosphate strue
ture 15 1nessential for myosin triphosphatase
activity but 1t modifies such activity  Since
ribose trrphosphate 1s not yet available one
cannot deci@e whether the enhancement stems

.

It 15 logseally posible though much less hikoly
that the metal eation Taund to the polyy hosyhate
structure 13 Tot simultancously  touclimg e rang
but only attenvating the eleetrostatic field that
othe 1se pesturbs the ring protons

tAlthough the rng affmtes for ATP and ITP
are afout the sme it should be recalled that
around neutral P (eg 8) the proton sompetyrn,
for the ATP ning site w It be ol nhereas the prot
compet tion for the ITP 1 ng nite will stall be formug.
able accord ngly the fraction of 1 ng sites holg.s
cation will be much greate m ATP thag n Tre
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Figure 1

Some substrates for 171 ave

from the ring from the rnibose morety or
simply from the elimmation of an extra neg1
tive charge 1n PPP  From the analogs of
Hasselbach® and Ihehara et al 3% 1t appears
that considerable liberties ean be taken with
the ribose region withiout suppressing myosin
activity 1n faet, 1t may be that reducing the
enzvme ribose interaction enhances activity
On the other hand the fact that either 2
purine or a pyrimidine moiety permits active

——o0——
—-C—C —C—C—C-0—
CO go (Hosselbach)
CHz CH3
~C—C — C— C— 0~ (ikehara)
—C~C—C-0~ -—-C—C-0-
{ Ikehara}
variations
9 9 9
- 0= E 0—-p-0-%—0
0 o
proteins In this molecule lLowever oppos

mg resonance 1s suppressed and probably
causes the ph for the final phosphate 10miza
tion to shuft from 6 5 to 8 2 and reduces Mg+*
chelation at neutral pH We are thus agam
reminded of the importance of the nucleotide
charge for substrate eapability

With the advent of diverse analogs such as
those mtroduced by Ikehara et al and Moos
et al a number of other deductions will un

catalysis suggests that spearfie and
ous interaction between several ring atoms
and enzyme 15 not obligatory or that there 1s
fleihility in the enzyme structure Another
tvpe of interesting analog adenyl methylene
diphosphonate (adenyl PCP), was recently
mitroduced by Moos et al ¥ Even though iden
tical with ATP 1n evers steric respect adenyl
PCP 18 pecularly 1nert toward the muscle

doubtedly be forth An 1ncreasmgly
definite deduetion from analogs already avail
able will be discussed n the next section

‘Myosin
Elsewhere 1n this symposium Olson and
DBing and hato discuss the physical proper
ties of myosin but 1t 1s cogent for us to know
now that to date the smallest kinetic umit re
ported for solutions of purified skelefal myosin
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has a mass of not less than 4 X 10° Gm
Various attempts—the latest bemng that of
Nanninga and Mommaerts® —to measure the
myosin weight that combines with 1 mole of
ATP or of PP have led to very nearly this
<ame value Therefore although we are un
convinced* we have to 2gree that on present
evidence the ATPase site of myosin seems to
ocenpy but a tiny portion of the molecule
Speculetion about the function of this tiny
site has been domuinited recently hy two 1deas
that we shall now consider

The Double Digplacement Scheme

By analogy with certamn other hydrolases
there has been proposed (see for mstanre
Weber!®) for myosmn a socalled double
displacement  reaction scheme

ATP + myosin 2 myosm — P + ADP

H O + myosin — P 2 myosin + P

Tustificatron of such 2 scheme has been at
tempted along 3 lmes (1) According to the
scheme a P® label introduced mn the form
of ADP should back mncorporate mto ATP
Although early European reports seemed to
bear out this expectation 1t now seems very
defimite that the back mcorporation 1s not ob
served with pure musele protems (2) Under
appropriate conditions of 1solation 1t ought
to be possible to interrupt the reaction and
to demonstrate enzyme with co valently at
tached phosphorus This has also been re
ported but such experments are equrvocal
owing to possible sorption of imorgame phos
phorns by the active enzyme Maruyama and
Gergelv * for mstance have rerently con
luded that this sorption rather than any

Reasons for doubt are both subjectrve and objec
t e Other enzvm s onmce really purfied have m
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true phosphorylated intermediate explains
this sort of experiment (8) It 1s possible
that the myosin catalyzed excess incorpora
tion of 08 from H 0 into morgame phos
phorus (produced from ATP) indicates a
phosphorylated intermediate smce 1t does not
ocear 1n either ATP or mmorgame phosphorus
However hoshland and his associites ® who
discovered the 08 exchange have shown since
that its rate 15 sensitive to purne ring sub
stituents so that for all practical purposes
the exchange oceurs while the ATP (or other
nucleotide) 3s still intact and thus its exist
ence 18 not evidence for a phosphorylated en
zyme In summary expermments that with
other Thave y d ated
an mtermediate have 1n the case of myosm
been quite meonclustve thus far

Before attempting to diseuss a second mayor
hypothesis about the myosn ATPase mecha
mism 1t 1s conventent to consider the general
classes of substances that modifv this ATPase

Substances That Modify Myostn ATPase
Salts 1n General

In his ploneermng work Szent Gyorgyil®
showed that the chlorides of various metals
had a diphasic effect on both the solubility
and the ATPase activity of myostn At nen
tral pH low eoncentrations of salts preeip
tated the enzyme and activated ATPase while
greiter concentrations solubilized the enzyme
and inhibited the ATPase Szent Gyorgv: felt
that the solubility phenomena resulted from
cation binding (which rendered the protemn
1soelertrie) followed by anion bindwng (which
charged the protem negatively) and he con
sidered that although diverse cattoms cata
lvzed ATPase the preeise effect of 2 particu

varably proved to be of a smaller order of
so 1t 18 puzzhing to be faced w th su h an exception
A more stientific doubt arses from the recent
recogrution that the binding of ATP to enzyme can
te stromgly 1nlbited by polyamons Invest gators
of site werght have borne ;n mini the possibility that
the true substrate s an Mg ATP or Mg PP complex™
s0 to reduce complheations the system has gererally
been saturated with Mg salts sometimes wmith MgSO
Not only may the imereased lome strength have
dusconraged binding to enzyme but also SO may
have competed successfully for erstwhile ATPE sites
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lar d ded not only on the
specific cation but also on the 1omie strength
Unfortunately these earlv discoveres and
1deas have not been widely exammned or pur
sued As regards ATPase there has arisen
a compheated literature 1n which my estigators
report the pH the cation used and the 10010
strength  KCl has been regarded as an mert
electrolyte that provides only jomie strength
and the possibility that amions might have



394

specific effects has been largely disregarded
thus a report may read Mg** (actually
MgCl or perhaps MgSQy) 1s an ATPase n
hibitor at 1onic strength of 060 M (actually
m 060 M KCl) *’ As a result of preliminary
work wrth solvents more nearly 1inert than
KCl we now hnow that sueh statements are
treacherous since superimposed on the truly
1onie strength effects of these eleetrolytes 1s
a competition between h* and Mg** (and no
doubt H*) for specific binding sites and also
specific CI- and SO, binding which mav be
competitive with ATP binding 2 Nevertheless
the statements that follow are tentative be
cause our work has not been extended to a
sufficient number of 10ns As regards solu
bility 1t appears!? that the precapitatron when
electrolyte 13 first added 1s predomimnantly 2
nonspecific 10me strength—presumably screen
g of solubthzing repulsion—effect The sub
sequent solubtlization however 1s 1s Szent
Gyorgy: surmised the result of «mon binding
and the higher the amome valence the greater
the solubilization per mole of anion As al
ready antieipated by Mihaly11® Cl- 15 cer
tunly bonnd such anions as sulfate ferm
evamde and pyrophosphite are even more
strongly bound As 1n the ereitme kinase
svstem acetate seems farrly  1nert ™ Among
the extions we have reason to think that tetra
methvlammonium 1s also  mert  (see below)
Qur best current tpproximation to an mert
electrolvte 1s therefore tetramethylammomum
acetate however because of its ready avail
abthity we have also used tetrimethvlammom
um chloride (TMAC) especially for Jow rome
strengths At an 1omie strength of a few
tenths TMIAC myosin ATPase 1s soluble but
essentally mactive  If now a metal chloride
15 added at nereasing concentration (but still
low enough so as not to change the lome
strength markedlv) the ATPase activity rises
to 2 mrumum level and stavs there  As would
be expected from all past work CaCl gives
the hghest asvmptotic actrvity of the simple
<alts thus far tested the activity provided by
RC1 however 15 appreciable Used in this
wav Mgl s defimitely an activator although
much weaker than CaCl  The particular ac
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tiity attiuned with a salt 15 undoubtedly the
resultant of co catalytic effects, such as those
mentioned m the substrates section, and n
hibitory effects such as will be proposed later
for Mg*t Prousionally, however we will
assume that Ca*+ 1s solely an activator—pos
sibly just functioning m P O P hvdrolysis
thus 1n many expermments the solvent will be
1 solution of an nert clectrolyte and an en
zyme saturating concentration of a switable
caleium salt  Of eourse work of other labora
torles to be eited below will meet these con
ditions only roughly
Specific Sulfhydryl Eeagents

In their classical work on SIH enzymes
Singer and Barron?® early showed that myosin
could be totally inhibited by parachlormercur
1benzoate (PCMB) so 1t has heen long pre
sumed that the enzymatic site of myosm con
tuns among others a sulfhydryl group More
recently Kielley and Bradley ° showed that
besides this group at the site there existed
n the molecule a second more reactne type
of sulfhy drvl group (probably not at the site)
the mashmg of which aceelerated the Ca**
saturated ATPase activity at neutral pH On
this aceconnt a plot of activity vs number of
SH groups titrated 1s diphasic s the more
reactiie groups are affected the activity 1s
nereased then as the less reactive groups
react the actimity falls (eventnally to zero)
Blum?! has shown that other heavy metals
besides mereury behave 1n the same way The
pirely ‘‘actrvation’” response 1s best evohed
by the class of reagents that form mixed
disulfides with mvosiz when incubated at
moderatels high pH eg by § g aminoethy]
wothiuironium (AET) Dinmitrophenol behaves
qualitatisely ke PCMB and AFT and al
though 1t has never been eletrly shown tobe an
ST reagent 1t probably helongs with this class
of ATPase modifiers Kielley and Bradley °
speenlated that the most PCMB reactive ST
groups 1n mvosin might 1n some was chelate
the inhibitors *“mntrinsie?’ Ma*+ (sce helow)
This speenlation has heen supported by the
subsequent observation  that AET treated
myosin ATPase 18 less sensitive to Mg** n
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hibition and very recently by Tonomura s
observation # that intrmsic  Mg**t (noi
removable from myosin by etlylene diamine
tetraacetate [EDTA] rinsmg) 1> relesed by
the enzvme on reactton with PCMB

Bubstances That Chelate Alhalme Earth Cations

Through the work of Tarver Friess * ®and
of Bowen ® 1t was established that at nentral
pH EDTA stron.ly accelerated the ATPase
of myosin B dissolved m 060 M hCl and m
hibited that of myosin B dissolved m 060 A
KC1 The result was no different 1f the en
zyme vwas first rinsed with EDTA and then
with KCI solution before addmg the final test
EDTA Recrystallized KCl was used through
out Since 1n the test system Mg*+ (and only
Mg#*) mught have been expected to inhibit
at 060 M[ KCl and actrvate at 060 M KCl 1t
was speculated 3 that some form of mhubitory
Mg** bound to the enzyme so tightly as to
defy EDTA rmsing was being mashed by the
test EDTA m the activation ph
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on 1/T (very simlar characteristics to crea
tine kinase and to the pH dependence of
Znt* inlibition of contraction of glycerinated
muscle fiber °) The curve for untreated myo
s ITPase has very much the same shape On
the other hand as pomnted out by Gilmour #*
the curve for untreated myosin ATPase (1
which pains have been taken to avoid rrrever
sible effects at high pH) looks ltke an ITPase
curve m which some form of inhbrtion has
been 1mmposed at pH 78 It 13 cogent to re
call here that Bowen s curves of EDTA act1
vated myosiz ATPase as a funetion of pH ©
also had 2 sigmoid (rather than bioptimal)
aspect—rather like titration eurves spread out
over many pH untts

Smgle Displacement Followed by Desorption

We now return to discuss what we have
called the second major hypothesis about the
nyosim: ATPase mechanism this 1s a hy pothe
si1s developed especially by Blum but with

It 15 this Mg++ that Rielley and Bradley ©
thought maght be held by SH groups on the
myosin

Hyarogen fons or pH

Although the dependence of myosiz ATPase
actvity upon pH has been known for two
decades 1ts umnterpretable shape (at face
value the curve shows optuma around pH 6 4
and pH 95) has led to no useful inferences
The attainment of high 1onie strengths with
mimmal speaific 1on effects (by the use of
TMAC) however has enabled some progress
It bas been shown ® ? that for AET treated
myosint the Ca** saturated ATPase activity
enrve 1s hke a titration curse with a2 ph
between 65 and 70 and not very dependent

This speculation 15 bemg disputed n cur ent
work from Tonomura s laboratory® smee the a
workers find that after d1 lodging its mtrinsic metals
wath PCMB the enzyme stll respands to EDTA
Hovever a bame difficulty may le m the use of
KOl contaminated with Mg silts we have found™
that in TMAC solution EDTA do s pot exert its
charactenistic effects For the while 1 e feel tte Alg
hvpothesis continues to have mert

tSumilar results we e obtzined contemporaneously
by J Blum using Cu freated myosn ATPase
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notable md d contributions by hosh
land Levy and therr associates and by Gl
mour These authors suppose that while all
substrates interact with myosin at the ter
minal pyrophosphate grouping those sub
strates (eg ATP CTP) with an NH group
suitably placed on either the purine or Pyrimi
dme ring suffer a strong additional nterac
tron with the SH bound mirmsie Mg of
the enzyme According to Blum this ring
enzyme interaction retards the desorption ;f
the diphosphate followmg P O P hydrolysis
thus effecting an mhibition of what, would be
the activity i the absence of imteraction
Gulmour® has additionally assumed that thrs
retarding nteraction 1s pH sensitive and max
mmal at pH 78 To account for certan tem
perature effects hoshland and Gilmour sepa
rately have proposed that at some temperature
between 20 and O C a conformational change
1 the enzyme draws away the SH Mg site
from the substrate so that below the transition
temperature the retarding wnteraction 15 no
longer possible In contrast to ring NH syp
strates substrates such as ITP are assumed
to be free of retarding interaction

Like all tentative by potheses the foregoing
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leaves many facts unexplammed (why 18 1TPase
minbited by small degrees of SH titration?
Why would an NH Mg SH interaction re
spond to pH change around 7 81) but 1t has
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more ot less endless polymers 1e, from its
‘G” tots ““F’ form upon such changes as
the addition of salts or the reduction of the
pIl Straub and Laki and Bowen, discotered

many attractive For
the hypothests readily explams the pIl curves
why reagents as different as AET and EDTA
cause sumilar effects and why Mg** 1s not
an mhibitor of ITPase activity Excluding
mathematical booby traps (see Morales and
Hott1® for discussion) the foregomg ob
servations on pH dependence also point to an
wmzable group at the active site with a ph
of 6 5-7 0—possibly an imdazone or a phos
phate of the enzyme substrate complex
Recently we performed experiments 7 whose
results are encouragmgly consistent with the
weneral Blum Koshland Gilmour hy pothests
We measured ATPase and ITPase activities
as a function of pH 1n both ordnary and
heavy water On the assumption that the
wotope effect mamfests itself primarily on
the hydrolytic (P O P splitting) process we
wshed at each pH does D for H substitution
make a difference m the observed ratet In the
case of ITP the substitution always made a
difference 1e the rate 1 D,0 was always
less than the rate s H O In the case of ATI
the substitution made a differcnce at the pH
extremes but at pH 7 or 8 1t made no differ
ence at all From our premsc we concluded
that the ITPase rate 1s probably always lim
1ted by the hydrolytic process and that this
1 2050 true of the ATPase rate at the pil
txtremes but that around pH 7 8 some other
process 13 limiting the ATPase rate This
other process would be the inhibitory ring
enzyme interaction 1f so 1t should be elimn
able by AFT or by D\P treatment This
prediction was confirmed with these treated
<nzymes the substitution did affeet the ATPase
rate even at pII 78 What the final fate of
this ATPase theory will be depends on future
research but ats present status scems bright

Actin
Among the unportant properties of actin
5 1ts transformation from mdividual * mo
nomer units (MW ca & X 10 Gm) to

dependently that m the G F transformation
the ATP tightly bound to G actin was de
phosphorylated in the course of the transfor
mation Later, Mommaerts showed a preeise
1to1 correspondence between the moles of
orthophosphate released and the moles of G
actin brought into polymer form The matter
stood at this stage for several years except
that during the mterim Lak: repeatedly em
phasized the curious parallehism between con
ditions that govern myosin ATPase and those
that govern actm polymerization and he
ruised the question of whether actm was an
ATPase At the 1957 Tohyo Svmposium on
Muscle Chemistry this question was affirma
tively answered by Oosawa Asakura and
their associates at Nagoya Umversity These
worhers showed that under smtable conditions
(see below ) an actin system could catalyze the
contnuouns dephosphorylation of ATP, not
merely the one shot amount that accom
panied the conversion of almost pure G to
ahnost pure F Before discussing actin ATPase
mention must be made of another ecmingly
contradictory discovery by Qosawa s laboria
tory According to these workers the poly
merization of actin 15 cooperatne 1e, if one
commences with a very didute solution of G
actin and ruses the G actin concentration a
eritical G actin concentration (dependent
on [Mg**] pH temperature ete ) 1s reached
beyond whieh the further addition of G 2etin
results 1 the progressise appearance of F
actin whnlst the concentration of G actin stavs
it ats eritical value Such behavior 1s typreal
of systems ;mn which several of the condensing
umts are simult Iy interactin,
in the formation of polvmer Accordm, t
the Nagoya workers an actin system exlubits
maximal ATPase actnity when G and I
actins are eo existing both in appreciable
amounts (condition G~—F) T'or a given value
of total actin concentrition the ratio C F
will therefore vary with the state ([Mg**]
temperature etc ) and for a prven state
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the ratio will vary with the total actin con
centration  The elam 15 that whatever are
the state and total coneentrabion that achiere
G—F that combmation alo maxumzes the
ATPase rate This elegant result 1 aho 1
powerful mdication that the ATPase 1s not
ansing from contemmnations 8s was onee seri
ously proposed et we have always felt that
2 fundawental dufficnity might exist simee if
pelymertzation and dephosphory Iation are nig
1dly hinked then dephosphorylation as well
as polymerization would be cooperative Thus
arcumstance would be quite unprecedented
Each ATP being depbospherylated by a myo-
sin molecule for example 1s very remote and
msensitave to the fate of Zellow ATP molecund

397

that suck cations cooperate with SH roups
of actin 1 the highly speesfic (TP won t do)
biedmg of ATP to the protemn Ihs ebverva
tons are very remimscent of the refarding
mteraction  of ATP dseussed abonve for
myosin
Acknowledgment
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Muscle Phystology and Contraction Theories

By Ricrrarp T PopoLsky, PuD

The structural basis of current contraction theores 1s the double array of thick and thin
myofilamenta revealed by the electron microscope The physiologic properties that charactenze
the contractile process are matural comsequences of thie strueture 1f (a) durmg shortemng
the 2 sets of filaments move relative to each other anl (b) the flux of chemueal energy
through the eontractile mechamsm 13 limted by interaction b tween complementary sites
distributed along the - sets of filaments Contraction models fitted to these 1deas duffer
largely 1m the mechamsm by which force 19 generate] In the shding model force 1s
Qeveloped by mechanical mteracti n between the thick and thin filaments and filament
leogth remams constant during contraction In the folding model force 1s developed
1n the thin filament whiel shortens durmg contraction Both mod lIs account
for the force velouty rclation and the Fenn effect They also accommodate the quick release
phenomenon and predi ¢ at least qualitatiely the 1sotome veloe ty tran rents that ean be
scen after q11 k relea e £ om tetame ten on

IOCHEVMIC AL 1 ROCESSES m muscle

cells have 2 exceptional characteristies
The first of course 15 that thev generate
large forces The sceond which s not quite
s0 obvious 1s that they proceed at a rate which
depends on the motion of the cell Many
properties of contracting muscle can be traced
back to the influence of the motion of the cell
on the chemical processes drivin. the con
tractile mechamsm an 1dea first proposed by
Fenn?!

Tt seems very natural that a musele should
Lft a li_ht load more rapidly than a heavier
load Howeser as I'enn wrote some years
age  the more one tries to explain these stm
ple facts the less obvious do they seem to be

The simple fact s shown n fisure1 the
foree veloeity curve for the elassical striated
muscle the frog sartorius The ecircles are
data from an experiment we <hul dicuss
later The smooth curve1s A v Hill « force
veloeity relation® The questionis Why does
the eontractile force fall with the veloeity?

In the early twenties the force veloeity
relation was explamed with a viscoelastic
model* along the following lines Upeon act1
vation muscle hecomes m elastic fllament

appears either as work or as heat The more
quiekly the muscle moves the greater the
viscous force the greater the heat prodnme
tion and the smaller will be the energy avail
able for work Thus the fall m force with
speed

The essential part of the viscoelastic model
15 that i shortenmg a given distance the
available energv 1s independent of the me
chameal conditions of coniraction The corol
lary that the amount of heat produced mn a
contractron mereases with the speed was
doubted as long ago as 18645 The Tnamhg
uous expermments of A V. Hill confirmed
these doubts

Figure 2 taken from Hill’s classieal 1938
paper ® shows the critical experiment * Curve
E 15 the total heat produced as a function of
time when the frog sartorious 1s tetanized 180
metrically  Curves ® G H and J show the
heat liberated when the muscle 15 released
at the time 1ndicated bv the first arrow and
allowed to shorten a given distance Although
the spred of contraction 1 J say 15 5 times
greater than i F' the total extra heat dne to
shortening does not change Simece 1t was
clear that heat production did not increase

like a spring  The sprin, 1 immersed m with speed the viscoelastie theory was
viscous flmd  When the muscle shortens v demolished
given distance the available potential energy Tigure  reprodueed from Toll
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FROG SARTORIUS
0c

P/P moy

V/Vma ‘o

Figere 1
Relation between force P and veloaty, V, m I

PODOLSKY

L
B
1

R )

TS
T ma ks se
Figure 2
Heat production of Iwing muscle Tetameally
stimulated frog sartorius at 0 € (8) A ssometric
contraction B C D 1.2 sec after start of stimu
lus muscle ts released and allowed to shorten van
ous distances (B < C < D) under constant load

wng muscle Fap I powmts are
from data of figure 12 smooth curve 13 the force
velocity equation of A V Hill®

The error of course 1s that the energy
available during contraction 1s not constant
The fluz of chemical energy 1mto the muscle
15 somehow affected by the motion 1tself In
other words some kind of mechanochemieal
control 15 butlt mto the contractile mechamsm
The force veloaity relation might be a re
flection of this mechanochemieal control 1f
the tension generating process were contimn
ously epposed or mactivated by the mechan
1eal motion

This 1dea 1s schematized m figure 3 We
assume that a sequence of chemrcal reactions
drives the contractile mechamism One of
these resctions M 1s closely lhinked to the
contractile h Sinee the ch 1
reactions are themselves linked like a train
of gears the extent of the reaction during a
contraction 1s limted by the turnover of 3
which 1n turn 1s some function of the short
enmng veloeity The total energy produced
during contraction depends on the extent of
the reaction A + M This chemical energy®

To this paper cnergy denotes the enthalpy
of reretion AH=AT 4 PAV The energy available
for mechanical work is the frec energy AH — TAS
In these expre mon. U {s internal energy P i
pressare V is solume T is temperature and 8 is

entropy

(b) E F G H,J muscle
a3 allowed to shorten the <ame distance under
arious loads (F > € > H > J} (From Hill*)

1s partitioned between work and heat Con
versely the rate of chemical reaction can be
inferred from the rate of total emergy pro
duction The trick 1 devising contraction
theories 1s to make the link between mecham
cal and chemical processes such that both the
total energy produetion and 1ts partition mto
work and heat depend on mechanical motion
iz jost the right way We shall first show
what the ‘ right way 1s and then describe
how severl models manage to do this
Before leaving figure 3 I should like to
mention that there 15 independent evidence
from certamn heat measurements that this
representation of the sequence of events 1s
close to the truth ® 7 Perhaps the best just:
fication though 1s that 1t accommodates the
physiolopy of muscle very comfortahly

Energy Production

How does the rate of chemical reaction
change with the rafe of mechanical contrac
tion 1 living muscle? This ean be mferred
from the veloeity dependence of the energy
flux (fig 4)

Consider the heat first TYou will recall
that Tl heat measurements showed that
the heat of shortening is independent of
contraction speed (fig 2) This means that
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NET CHEMICAL REACTION A M

M

A
c contrachle
mechon sm

| |

HEAT WORK

Tigure 3
Scheme for hemcal processe
muccular contraction

asso itted with

the rafe of heat prodnction must inerease
hinearly with speed (fig 4 open r+zion)

The rate of work production also depends
on speed the dependente can be calculated
from the force veloctts relation When the
muscle does not move (1 = 0) 1t produces no
work Also when 1t 1s unloaded (P = 0) no
work 15 done This ties down the ends of
the work flux curve (fix 4 shaded region)
4dding the heat to the work we see that the
total energy flux mereases monotonically but
not hinearly with speed The rate of the
rate miting chemical reaction the one Iimked
to the contractile mechamsm must also
erease with speed 1 exactly the same way
To be acceptable a contraction theory should
vield tiis relatron naturally and quantita
tively

Structural Bass of Oontraction Theories

What mechamsm regulates mn cle chenus
try accordmg to speed? The double array
of filaments revealed 1n Hugh Huzley » beau
tiful electron micrographs® provides a elue
Figure 5 shows the characteristic thick and
thin filaments* The thich filaments define
the A band A second set of thiner filaments
extend from the Zlme through the I'band
into the A band there interdigitatmg with

Figure 5 reproduced from H E Huxley J Bio
phys & Biochem Cytol 83 631 1957 By permission
of the Journal of Biophysical and Biochem cat Cy
tology
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VIV mox 10
Figure ¢4

Relation betueen energy flux and velocsty n lnang
muscle Oper region rafe of heat production
Shaded region rate of vork production

the thick filaments The part of the strueture
that interests us 1s diagrammed at the top of
figure 6

Andrew Husley and Rolf Neidergerhe dem
onstrated that when hving musele shortens
the decrease 1 length takes place almost en
tirely 1n the Iight I bands the width of the
dark A bands remaining constant? There
are two obvious ways for this to come about
the filaments could shide 2long each other or
after anchoring its ends the thin filament
eonld shorten by folding (fig 6) In both
schemes only the I band shortens Also and
this 3 mmportant m what follows i both
schemes there 1 relatite motion between the
2 sets of filaments This means that if reac
tive sites were distributed along both the
thiek and the thin filaments and 1f some hind
of mteraction between these sites were stochio-
metrically linked to the driving chemteal re
action the relatise motion of the myofilaments
—and therefore the sites—would provide g
natural basis for introduemg velocrty as
parameter 1 the chemrcal kineties

Implications of Relative Motion
Energy Production
The baste 1dea 13 shown m figure 7 Sites
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Figure b
Double array of filaments an striated muscle
of aromere (length = >5 microns) (From H F Huzley?®)

D are distributed along the thiek filament and
complementary sites h are distribnted along
the thin filament We assume that interac
tion may take place when these sites pass each
other If interiction does take place a sub
strate molecule M 15 used up and the drivin,,
«hemical retction proceeds one step *

Proximity Time Is Pate Limiting

To understand the mfluence of velocity m
the hmneties of such systems consider first a
case 1n which the prohabilits of mtcraction
depends on the time kK spends n the neaghbor
hood of D the shorter the time that 1s the
hi_her the speed the lower the probabilits
will be The interrupted line mm fizure 8
<hows how the probabihty deereises with
specd 3f the kT interaction 1s first order 1n

In tle followng a helj fal mnemome 13 to read
D uy  Dragon b as  Fmght and M as

Maden

I le tron mucrograph of longitudinal section

time  Since at each mteraction the driving
chemeal rerction proceeds 1 step the inter
action probability m a transit of k past D
will also be proportional to the ener,y re
leaced for a given amount of shortening  The
decrease mn this quantity with veloaty can be
mterpreted s the Fenn effect !

To caleulte the number of interactions per
anit of trme we must remember that the num
ber of chances 1 piven K site will hate to
interact with D sites—the encounter rate—s
proportional to the velocity (dotted line fig
)  The number of successful mteractions
will be the produet of the probability and the
«neounter rate (sold hine fig 8) Both this
function and the rate of the drring chemieal
rextion m Iiving muscle calculated from the
cnergeties (fiz 1) depend on velouty n
the swme wav  We conclude then that if
complementary diserete sites were distmbuted
along the 2 hinds of myofilaments the rela
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Hypothetial mechant ris t

w2 1ur contractien Upper  C ufiyuration of thicl and

thin flaments 1 re tiny mus lo (after iy 5) Loner Chinge m filiment shape and

configuration an shd ng ind ! Thny

trne veloerty ot the myohluments suld on
trol the rate of interaction between these
sites m exactly the sam wav as 1t
the release of chemical energy 1w Ining
musele

ontrols

Filling Time Is Rate Limiting

A physically different way of dewribm.
mteraction between sttes on moving filaments
focuses on the tume spemt befwcen rather
than et encounters In this case sve suppose
that the substrate molecule 1 15 carried by
K past D If k 15 Joaded with M an mter
action takes place at D emptymg h regard
less of the speed The rate liruting step
this scheme 1s the fillmg of k with another M
after 1t has been emptied by D The filing
probability will be lower the shorter the time
spent between D sites that1 the ki her the
speed Tt turns out that if the law for filhng
empty sites 1 exponential 1 time whieh 13
not unreasonable the probability factor will
have exactly the same form as tn the previous
case m which proxmmuty time rather than

fillmg time  1s rate Jimitng 1 Thi> means
that there will be no difference in the hmettes

C eulton VIm XYV A gust 1961

ntra tien moiels

THICK  FILAMENT ——o——
7,
0

THIN FILAMENT
Figure 7

Distributs n of sites along the thick and thin fila
ment  See text for explination

of the 2 schemes for steady motions both
explam equally well how motion controly the
rate of energy release The different structure
of the schemes Will become 1mportant hew
ever when we consider veloaity and force
transients

The question of whether the thin filaments
fold or shde during shortening has been side
stepped  This could be done because 1
steady mottons the mathematics proves to be
substantially the same for both cases

Force
That generates the contractile foret 1n
a shding model since the lengths of both the

403
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ENCOUNTER
PROBABILITY RATE
10

CACTION
RATe

ViVeno

Figure 8
Chenmucal hwetis for reactson sites moring with
relatire velocity V Interrupted line probability
f wnteraction (rate hmted by prorimity time) or
of filling (rate Limited by fillng time) Dotted
hine encounter rate Solid line reaction rate =
probability X encounter rate

thich and thin filaments remain the same the
contractile force must stem from mechanieal
interaction between the filaments In a fold
ing model howeiver the contractile force 1
renerated 1n the thin filament and 1its length
15 supposed to decrease during shortening

A Siiding Model

The mechanteal and chemical properties of
a shding mechanism in which the D site on
the thick filament has the mechanochemical
properties diagrammed 1n figure 9 was worked
out by indrew Husxley "* D oseilates back
and forth When the I site passes 1t can
interact with D to form a mechanical connece
tion  Since the probablity of forming a eon
nection i a D K transit depends on the
relative speed this 1s a specal case of nter
action m whih  proxminuty time 18 ratc
Iimtin,  Each conneetion 15 1z tume broken
One step of the driving chemeal reaction 1
associated with ech connect disconneet ¢vle

If D and h connect the elistic elements
holding D to the thich filament will exert a

¥ gures 9 and 10 regrodaced from A F Huxley
Progr B ophysies 7 —ou 195 Bi permission of
Pergamon Press Ine

PODOLSKY

force on the thin filament that 1s proportional
to the distance of D from O  If the thm fila
ment 1s moving to the left connections with
D to the right of O will make a positive eon
tribution to the force Conversely, 1f motion
of the thin filament earries D to the left of O
1 foree will be developed that retards the
motion

To develop a net positive force—that v
to ensure that there will be a greater number
of pullmg than retarding connections—Hux
ley postulates that D can conneet to k. onlv
when 1t 1s to the right of O The rate econ
stant for breaking a connection also depends
on X 1t 1s small when D 1s to the right of O
but large when 1t 1s to the left

The force developed by the model depends
on speed because the number of attachments
and therr distribution about the equilibrium
position of the D site depends on speed This
15 shown 1n figure 10 taken from Huxley s
paper ¥ The ordin ite 15 the fraction of D sites
at a given displ from the hib
position that are conneeted to K sites  When
the filaments do not move all the econnections
are on the pulling side of the equilibrium pos:
tion lmnks can be made only on this side and
there 13 no motion to carry them to the other
side In steady motion, the number of pullng
links decreases the retarding links tend to
mcrease and the foree drops At the max
mum speed the pulling and retarding forces
balance and there 1s no net force Huxley
showed that as the relative speed inereases
these shifts 1 both number and drstribution
of hnks between filaments can account quant
tatively for the force velocits relation in Irs
mg musele

The diagram also shows why there must be
steady motion for a less-than maximum force
to remamm constant  Consider the distribu
tion of connections when the speed say, 1s one
tenth of the maximum  If the motion should
stop after some time pullin, links would
form to the right of O retardin, hinks would
open to the left of O ard the net force
would mcrease The ori.mnal force could be
re-established by relaxing the pulling hinks
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or stretchisng the retardin. links that 15 bv
displacing the conmection wontour to the
left whick of course s what happens when
the thin filament shdes past the thich fila
ment. A stewdy force can be wet up onty when
the motion 1n & given tume mtersal Just com
pensates for the net mercase s puthing linds
formed 1 that same period

The diagram also explnns what happens
sf tetanized muscle 15 quirkly r dea «d Before
release the linkg are all m the putling post
tion as shown 1n the distmbunion at the top
of the figure If the mus e s mosed w
quiehly that the hwhs do u t haw. thew
ponts of attachment, the un vn wil fall
linearly as the linhs are carrwsd past the
equhbrium pomnt and will vam b when the
dhistribution becomes symumetrual about the
orsgin  Thus the modet perdut that if mus
e s moved very quichle  the ten 1om wiil
drop to zero with a small displacement which
is what actually happens® 7F This 1 o symple
mechameal process and 15 due to th refease
of stramn 1 the relatively short pulhng con
nections between the thick and thn filaments

Notice that the dwinbution of hnbs jut
after a quich dispit ement will be re tangu
lar while the corners are rounded n the
steady state Smie for & gren tenswon the
motion depends ou the ~hape of the con
nection contour  this wnph o that the velo
oty Just after a sudden drop w tension from
the maxmum ta some nturmediate value will
not be the same ay that after the stead statt
fas been established  Thers should be 2 velo
@ty transent refieting the tramsition of
from a rectangle o
We shall return to

convechion contour
the steady state shape
tins pewnt later

In summary m the contraction model ana
Iyzed by Huxles the 2 sets of m) ofilaments
shide past exch other The shiding mation
anses from mechamesl mteractions between
comaplementary sites The ehem try of the
system reflects the mechanieal motion Sinve
ench mechanial interaction is coupled o 3
clieweal reaction 'The model explams re
markably well the structural and energuiic
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Frgure 9
e huny hewn T element ;i limg model of 1
F Huxley z s distance of thin (actin} filament
e B from equilibrinm position of thiek (my»
sin} filament mte D See fexs for further explana
nion (From { F Huzley 11}

changes that take place during contrachion
The least satwsfactory element wm it 1s the
rather specsal vature of the hypothetical
mechanochemical sidepreces on the thich fila
ments the pullers However 1t 15 pot
dsfficult for Nature to do thinys 1n way s which
~eem undehy compheated to phvsiologists ™
A Yolding Model

In a folding model the contractdle force
anses from a change in state of the thin fila
ments the thin fllaments become elastic Lie
a rubber band To make such a model work
we must assitme that force 15 generated when
a substrate molecule M binds to (or reasts
with) the tlun filament 4t a K site and that
the magmitude of the force is proportional to
the number of oceupied K sites ¢ The fopee
could arise from an  electrostatie entrope
process 85 has been eloguently argued by
Vovales and Iotts' or from a polymer

melting  protews as supested by Pryorts
and by Flore 7
In an electrostatie entropi process a

rubber Ithe filament 15 stretebed out by the
mutual repulsion of distributed electmally
harged groups At the equilibriam Jength
the entropie foree tending to shorten the fila
ment s Just balanced by the electrostatie
force tending 1o extend 2t If some of the
char,ed groups were neutralized by the bingd
mn,, of oppositely charged molecules the net
electrostatie force wauld decrease and the
filament swonld tend to shorten if tength were
hept constant force would he dey eloped

In 3 polymer meltig process the fila
ment 15 rmbally extended by structural foree,
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Figure 10
Dustribution of links between thich and thin fila
ments 1 steady motion of shdimg medel of A F
Huzxley n s fraction of D sites at a distance X
frem the equilibrium po ttion that are connected to
K sites ¥ s relatire velocsty h1s mamimum value
of x (cefig 9) (From 4 F Huzley ')

such as thosc that coordinate a crystalline
soltd When a critical temperature 1s reached
the erystalline structure melts and the
polvmer becomes lihe rubber In this state
1f kept 1sometrie the filament will exert con
siderable force The dotted hine n fig 11
shows such 1 phase transition for an 1deal
crstalline pohvmer The melting temperature
will be changed 1if substinces bind to (or
react with) the polymer the change will de
pend on the extent of the bmding

Sharp phase transitions are characteristic
of the ideal ersstalline polymer lelting
curves or real polimers are often more grad
ual (solid hme fig 11) ¥7 however m this
ease too the curie e1n be shifted by an rmount
that & pends on the extent of binding Now
il temperature 15 hept constant (T = r} and
the extent of binding varied the extent of
mdting will vary  If length as hept constant
the foree will merense with biding

Degree of melting 1 tlus process 1s analo

PODOLSEY

gous to charge neutralization m the electro
static entropte process, both unlock the rub
ber hle properties of the polymer The
essential features are that (a) force 15 gen
erated 1n a single filament which can shorten
by folding and (b) force can change accord
g to the number of small molecules bound
to (or reacted with) the filament

A considerable amount of muscle physt
olo,y follows naturally from this hypothests
if we suppose further that there are sites
on the thick filument that remove the force
generating molecules from the thin filament
by interacting chemically with them as they
move by In other words, we suppose that
there are interactions between the 2 sets of
filaments 1n which  filling time 15 rate limit-
mg  We have already shown that this scheme
y1elds up the correct answers for the relation
between rate of energy production and
speed *

To explain how the forceveloerty eurse
comes out consider figure 7 again  Suppose
the force 15 a third of the maximum Then
1 bieding (Iv) site out of 3 will be filled 2
out of 3 will be empty A substrite molecule
from the environment will 1n time find 1ts
way to one of the empty sites When the site
fills the force in the filament will rise above
that of the load To re establish mechanteal
equlibrium the filament will shorten by fold
g until 1 of the filled sites passes a D aite
which remoses an M so that the force will
again be a third of the maximum The process
will be repeated when another binding site 15
filled In the steady state with many sites m
the game the rate of motion will be such that
the emptying of full K sites passing D sites
15 Just balanced by filing of empfy k sites
The foree 15 the average occupancy of the h

Tie encrgeties of steady motion does pot dpend
on whether filing time’ or proumity time s
rate lmting Ilowever in the latter case (ag was
used 1 an earlier version of the folling model )
1t ean te shovu that the molel does not aceommodate
tte drop 1n force after quick release from tetame
tension On the other hanl if fling time 1
rate imiting the folding molel tchaves properly
npon quiek release

C culation Vol m XXIV A gust 1981
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sites  the dependence of the average occu
paney on veloeity 1s the foree veloeity relation
This turns out to be the same as that m lising
muscle

‘What happens when a musele exerting
maxmmum tension 1s suddenly released? (You
will recall that in the shiding model because
the ‘pullers relixed the tcusion dropped
linearly with shortening) In this casc 1f
the motion 15 quick relative to the filling time
full K sites will be ramdly emptied by re
acting chemieally with passing D stes and
the tenwion will drop The tension will fall
linearly with distance only until the foree
reaches half maximum Then becau e short
emng 1s by folding rather tnan by shdmn,
1t ean be shown that further motion will lead
to a proportionately smaller drop w force
winch 15 what happens m Iiving mauscle ¥

As 1n the analogous situation mn the shding
model gust after a quick drop m force the
distmbution of filled sites alon,, the filament
18 not the same as 1t will be omewhat later
after the steadv state 15 established  This
means that the 1sotomic veloaty after quich
release from tetamic tension will  encraliy
he different from the later steady veloaity
Some time must pass before the veloeity set
tles down to the charactenstic steady value

Mechanical Transients

We made a series of experiments to looh
for this transition phase!® The study was
made with tetamcally stimulated frog sarto
rus at 0 C (fig 12)* The upper trace 1s
displacement of one end of the musele and the
lower trace 1s force at the other end  After
full tension was developed the force on the
muscle was snddenly lowered to and then
maintaned at a given value Each set of
traces 15 for a different final value of the
force The insert (fiz 12g) 15 a control with
the musele replaced by a simple spring

Three regions are of mnterest To the left
of the vertienl line we sce the quich release
phenomenon The musele 15 30 wmm long
the tension drops to nearly zero when the end
reproduced from Podol kv Nature

1gure 1
By permsuon of Nature

F)
188 666 1960
Cleulaton ¥ U XTIV A g #1982
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Figure 11
Tension development according to ‘polymer melt
wy proces Interrupted lines melting curves for
wleal crystalline polymers sohd lmes melfng
curves for real polymers The meltng tempera
ture decreases wath the extent of bindmg (or r¢
action) of substrate with the polymer filament

moves less than 2 per eent of this length (fig
12f) Dependmg on which model we favor
this could be erther relaxation of pullin,, links
or emptving of biding wites il found
burst of heat during the quick release whieh
he attributed to 2 i h thermoelastic cocff
cient of what 1n the shding model corre ponds
to the pulling sprmg ¥ An alternative mter
pretation 1s thtt a chemuenl rather than a
physweal process 15 associated with the loss of
tension as 1s the ease m the folding mode]
This mterpretation also asrees with the studies
of the inseet phyvsiologists who 1mvohke ¢
actination by release —as opposed to relaxa
tin by release —to explain the very high
frequeney movements of certain msect m;s
s such as those driving the noisemaler of
the locust ¢

At each foree the velooity ultimately set
tles down to the characterstic steadv valpe
the lower the force the more rapid the motion
(The forie veloaity curve in figure 1 ywag
drawn from these datn) The remarkable
Tinearity ot the displacement traces supports
the 1dea that the motion 1s controlleg by a
feedback mechanism

The mteresting findmngs 1n these expery
ments are the vamatons speed (to the
right of the vertieal line) before the veloeat;
settles down to the steady talge there 15 i
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Figure 12
Response of muscle to a sud
den change n force Upper
trace  displacement, lower
trace tension, frog sartorius

tandard length = 35 mm

_J
o

] )

0 C Muscle 13 imbwally at the
standard length and the rec
ord 13 started after full tetanse
force P, has dereloped
P/Pn, (a) 08f (b) 069
(c) 055 (d) 040 (c) 0.26
(£) 010 In (g) the musde
w8 replaced by a simple spring
(Frem P dolsky 18)

¢ .

characteristic tsofomic veloaty transient for
each tension step One contribution to these
transients 1s the variation in velocitv corre
sponding to the setting up of the steady state
of motion i the contraction models we have
discussed However, since the experiments
were made with the whole sartorius musele
there 1s also a2 contribution due to the mter
action of muscle fibers of different lengths
To sort out these 2 components of the tran
stent seen tn the intact muscle we are repeat
ing  these experiments with preparations
contawmng onlv a few fibers this should re
duce the contribution of fiber interaction
We are alvo calculating the transients pre
dicted by the shiding and folding contraction
models to see which model accommodates the
experimental data better * In these studres
attention 15 focused on the approach to the
steadv state of motion rather than on the
steady state per se then the contraction hanet
1es of the 2 models ein be distingmished

Conclusion
In summng up I shonld like to point out
that the contraction theorjes work becuse of
2 basic assumptions  The first—and this can
reallv be clevated to the status of fact rather
than assumption—s that the 2 sets of mvo-

Ths study 14 heing made in eollaboration with
De N Z Shapiro of the Natopal Tnatitutes of
Health

filaments move relative to each other 1n short
ening The second 1s that the flux of chemical
energy through the contractile mechanism 1s
hmted by between 1
tary sies distributed along the 2 sets of
filaments

Two models were fitted to these 1deas They
differ largely 1o the mechanism by which force
15 generated In the slhiding model force 1s
developed by mechameal interaction between
filaments and there 1s no change mn filament
length during shortenng In the folding
model force 1s developed 1n 2 single filament
which shortens during contraction In both
models there 1s 1nteraction between the me
chanicn] motion and the foree generatmg
mechamism  Chemcal processes tend to i
crease the mechamcal force m the shding
model pulling connections are made 1n the
folding model bwnding sites which generate
foree 1f filled become filled If the load 1<
constant these processes tend to ereate a me
chanteal jmbalance wlich however can be
righted by shortentng 1 the shrding model
pulling connections become weaker m the
folding model binding sites are emptied
Chemcal and mechameal cquilibrinm  are
meompatible for forces less than full tension
However since shortenmng tends to inactivate
the force pgenerator a less than maximum
force can be muntamed 1f there 13 steady
motion Conversely if the load 15 less than

€ oulation Volume XXIV Awgest S0e1
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the maxmmum foree that can be generated
there %l be steadv shortening  This 1s the
force veloeity relation

Comparing the models with living musele
both of them quantitativelv acconnt for the
changes m force and energy flux with velo
uty  The qmich release phenomenon is also
accommodated  mechanieally o the shding
model and chemrealls 1 the folding model
Both prediet at least quilitatinely the 150
tome veloeity transients that cn be scen after
quick release from tetanic ten i n

This hist of accomplishments ugaests that
<ome of the devices used to ¢t thom might
actually be bunlt into hving mus I¢
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The Regulation of Metabolism and Energy
Release m Contracting Muscle
By Wirrriep F H M Movmaerts Pr D

A brief rettew has been gnen of our present knonledge of the nature of the chemeal
events coupled with muscular contraction Although there are experiments that fail to
demonstrate a Lreakdown of ATP in the contraction of himing musele these may yet yield
to speeral explanations leaving the conclusion that a breakdown of ATP as the reaction
most closely related to the mechamicnl actmity of the contrachile strueture Owing to a
rajid rephosphorvlation reaction this event appears in the form of a breakdown of
phosphocreatine The amount of emergy liberated 1n contraction mas be wrtten as the
sum of 3 quantibies (a) activation emergy (b) shortemng cmergs and (¢) work It
appears that y these to 3 distimet of p break
down The matter 13 compheated by the fact that the activation emergy 1s mot constant
but may dimimsh as the muscle shortens This may be httle notwceable an frog sartorius
muscle (dependent on the treatment) but appears to be promounced an the heart where 1t
leads to the elassical observation that work aganst a ligh pressure 1s performed loss

effiently than work raised by ejections of an rereased volume

N MORE THAN one respect this oppor

tunity to discuss the brochemical orgin
of muscle cnergy and the mechanism of the
regulation of 1its release comes at an incon
vemently early moment I would have pre
ferred to postpone 1t until after the com
pletion of some of our current hnes of
experimental worl  However there 1s no
certainty that thrs work will be successful
withm the foreseeable future and it may
be of mnterest to the tudience to discuss the
present status of the question and to present

falls bacl wlule streteling the muscle) and
so warms 1t up by an amount equal to the
work done origmally * Furthermore the mjyo
thermic method also allows us to establish
the time course of energy Itberation to a de
gree with which biochemusts may eventually
hope to eatch up but certainly have not done
so yet Thus 1t has been established that

m a strictly 1sometric contraction a defimte
amount of energy 1s liberated during the
contraction phase of the eyele this energy

15 called the activatron heat A, or alternative

1y the heat 11y 1n the case

our prelimmary ‘iews and the r
formidable problems as we now see them

Most of our hnowledge about the problem
at 1ssue has been obtained through the myo
thermal studies of A 1 Hill and 1t may be
well to gve a brief outhine of these first
The significance of such measurements 1s that
they grve a complete accounting of the total
energy that 1s mollized as far as this 1s
not turned mto external worl the latter can
be measurcd mechanienlh —or also thermally
if at the end of the contraction the work 19
returned to the musile (1e 1f the lifted load

From the Department of Medieine (Los ingeles
County Heart Assoeation Cardiovascular Pesearch
Laboratery) Umisersity of Cal forma Medical Center
Tos Angeles Califorma
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of 1 tetanus when one emphasizes the mam
tenance rather than the mtial establishment
of the active state

That the Work dome upon & relaming muscle
appears quantitativelv as heat 1s not as self evident
as 1t might scem One cxpects this when work 18
dieupated by frichon a3 an one of the Joule
expuriments but mot eg when the lead 1s hung
on t steel wire which cools when 5o stretched
revernbly beeiuse of the preponderance of tle

3,
Lnergy te;m /h u; the equation "
(20). {%7), +2 ()
In the ease of rclaxing muscle the equality would
imbeate either that the dussiation of work 1
relazation 19 eompletely irreverntle or that an this

equation the entropy term predomnates fe that
the relaning muscle is a faurly perfect rubber

C uato VIwm YXIV Ag tins
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Again we have the fact that when the
muscle shortens there 15 a Liberition of an
additional amount of heat strictly propor
tional to the shortenmn AL which 15 ealled
the shortening heat Fmaily  there 1s the
fact that any work that 15 beng done 15 m
addition to these two heat quintities 1 mus
ele hifting a load will first develop the activa
tion and shortening heat correspinding to the
distance shortened and the work F x Al 15
m excess of this, tppearimg 1s heit when m
relaxation the musele 15 tretched by the
falling load Thus we can .1oup the ener
gies nto two categories the  overhead
needed for the activity of the mechamsm
and the actual work added v thiy without
further heat effects These statemints which
we owe primarnily to the classierl papers by
Fenn® and Hull3 4 can be summed up 1s

S(AHY=A+a AL+ W 88

In relaxation apart from any external
work being returned to the muscle there 1s
no measurable heat production or uptahe
this lack 15 commonly regarded as cvidence
that relaxation 15 energetically passne and
not coupled with chemcal reactions Such
a view requres some elaboration because
(apart from the fact that the thermonen
trality of relaxation may be due to a comn
adental cancellation of the heat effects of
several processes which we cannot affirm or
denv) 1f the aetination of the working sub
stance 15 exothermie why 15 not the eppoute
process endothermic? A comparison may
make this clearer Let us consider the ¢yelt
eal synthesis and breahdown of glyeogen
pretending with relatriely small error that
the reversible trmsformttion glsvcogen ==

glucose | phosphate 15 thermoneutril
1

[
=

glveogen U1 D

—_—

+ UTE ZZUDPG + 1P

glucose 1 phosphate

Here the reactions on the left side are

Clestaton Vim XXIV 4 g ¢

reversible although in practice under actunal
cireumstinecs m musele 1t would proceed in
the direction of lucoselphosphate forma
tion (which in our anilo,y will be ecompared
with the contractile material at rest) To
male glycogen (here representing actine
muscle) we have to couple the process with
the exothermie breal down of UTP, 1n anal
ogy with the activation of musele by the
breahdown of ATP (see below) Thus we
can have & eycle 1n which glycogen synthesis
( actination of muside )} 13 exothermie
glycogen breahdown ( relaxation ) abeut
thermoneutrtl The analogy breals down
of course 1mon, other things beeciuse the
active musele can perform work and when
domng so consumes more of the assoeiated
exothermie reaction It suffices to 1llustrate
the mamn pomt howeier activation 15
coupled with an exothermic biochemieal
process relaxation 15 not to our 1nowledge
coupled with anything In more genera)
terms let us consider an emergy yielding re
action such as ATP breakdown with its heat
effect AH coupled with a transformation
A-B m actnity while the reversal BoA
takes place m relaxation without assoerated
chemueal reaction Now the laws of thermo
chenustry require that the total A of the
energy supplying reaction appear at the end
(1part from unreversed external work) re
gardless of the specific nature of the
A—B— A processes But 1f A>B and it
reversal have themselves a finite heat effect
this would add 1tself to that of the coupled
reaction 1n eontraction and appear with the
reversed sign i relexation  Hence unless
we are misled by a comnerdence the observa
tions indieate that the transformations with
m the working substanee while coupled watly
an extraneous exothermic reaction are ap
proximately thermoneutral

Swmce this conclusion will need consider
able seruttny  we shall not attempt to ex
plore 1ts full scope It will merely be useq
to troduce the followmg problem if the
energy for cach of the mamifestations of mus
cular activity 1s derned from g coupled re
action 1t would be important to establysh a
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complete biochemical energy balance for
these events Specifically 15 1t possible to
assign defimte amounts of chemicdl change
with each of the three entitles A, a AL and
W and are these entities associated with
different reactions, or with separate quantitie
of the same reaction?

Before proceeding further however we
must first decide what reactions are available
In previous periods there has been much
diseusston about mogen lactic acrd phos
phorvlereatine and—more recently~K Na ex
change and direct oxidative energization
but more and more compelling 1if not en
tirely direct evidence points toward the role
of ATP as the primary enmergy donor The
foundation of the ATP theory 1s very strong
indeed (1s I have expressed elsewhere’) 1t
differs from all previous theories by the fact
that 1t has a foundation Yet an assump
tion that 15 so basic requires direct exper:
mental proof and here we find ourselves 1
a pecnhiir state of uncertunty Some years
igo  Fleckenstein et al and Davies® 7 and
I8 ® showed that after 1 rapidly imterrupted
contraction 1t was not possible to detect a
dimmution of ATP or of phosphorylcreatine
(PC) which might hive reversed a primary
ATDP breahdown We should not regard ths
evidence as proof that the ATP theory 1s
false  On the one hand Carlson and Siger!®
have recently mmplied that our early exper:
ments were simply mn error although I de
beheve that they were well performed I also
feel that & good deal more work 1y needed
to eluerdate the various aspects of the prob
lem On the other hand there 15 a good
possibality that 1n such experiments a pri
marv breakdown of ATP may be concealed
by a mnor amount of anmother phosphoryl
donor We {as well as Davies et al!) are
now able to detect consistently a liberation
of orgame phosphate early in contraetion
of frog sartormus museles In onr current

experiments  this release of energy 1s corre

lated with an equisalent formation of erer
tine (in complete agreement with the ATP

PC theors) but m an earlier recent senes

the PC breakdown was not demonstrated and

MOMMAFRTS

there was often a diminution of a highly
labile phosphate compound XP  Moreover
m our current sertes NP 15 present but does
not change 1n the immediately precedmg
sertes XP was absent It seems best to defer
Judgment until more experimental work has
been done Meanwhile I should lle to
mamtun as did Hil* n 1950 that a con
cept of such paramount sigmificinee cannot
be accepted s final until 1t 1s based upon
direct proof

It 15 clear on the other hand that during
more prolonged activity eg 1n a serzes of
twitches or of brief tetam a breakdown of
PC does occur  This breakdown of PC pre
sumably reflects a primary breakdown of
ATP although strictly speakmy ths rela
tionship has not vet been shown to apph
to Iiving musele sinee the ATP does not de
crease until after 1 sizeable decrease mn PC
Without belittling the primary role of ATP
we shall present our worhk mn terms of PC
breakdown because that 1s what we measurc
and becwuse 1t 1s this breakdown that con
tributes to PC reaction heat It 1v best
demonstrated with 10doacetate poisoned mus
cles studied anterobically becanse in such
museles there 15 no posstbility of a resyn
thesis of PC The following reactions may
then occur

PCoP + C (2)
PC + (hexose)—hevosephosphates + C (3)
D U upon the reaction

(2) or (8) may predormnate Work =t fow
temperature suppresses (3) and this 13 ad
vantageous because once phosphorylation of
glveogen occurs with the P formed in re
action (2) there mav also be further phos
phorylation of fructose 6 phosphate at the
expense of more PC the latter rcaction 1s
not ted with k } 1 activity
and therefore contrtbutes an error to the
measurement of the PC that 13 broken down
and mechanrally utilized Reaction (3) 18
not always fully suppressed at 0 C 1n an
extensive sertes 1n which 1t was not sup
pressed we could establish that its orcurrence
18 not correlated with shortenmg and work
In other experiments that showed only re
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action (3), shortening and work went on just
as well This leads to the first conelu 10n
sariations 1n energy produced in the three
categories A a AL and W are not derived
from different reactions but all result from
the breakdown of PC according to reaction
(2) The question 1s then ecan we detect
various parcels of PC breakdown that eor
respond quantitatively with A a AL and
Wi
Te have devoted a great deal of time to
the following experiments of each pair of
museles one served as the resting control the
other performed eg 12 tetanie contractions
agamst a certain load the shortemng AL
was measured and the PC breahdown de
termined from the difference m composition
A number of such results were then plotted
as chemical change per gram per contraction
agunst the shortenmg per length If the
results would conform to equation (1) a
plot as n figure 1 curve A would result
The actual findings displayed a dismaying
amount of scatter and therr graphic repre
sentation supplied a perfect 1llustration of
Fisher 3 dictum  Diagrams prove nothing
but bring outstandmg features readily to the
eye they are therefore no substitute for such
critieal tests as may be applied to the data
but are valuable m suggesting such tests
and 1 explaimng the conelusions founded
upon them Such critieally designed ex
permments are now 1n progress but at this
early stage we shall have to see what we can
do with the older data
One thing 18 quite clear at the present
stage muscles contracting agamnst a moder
ate load and so doing about optumal 1sotomi
work decompose more PC than do mmscles
that are not performing work Hence the
biochemical counterpart of the TFenn ef
fect the factor W in equation (1) seems
to have been demonstrated although I would
postpone a quantitative diseussion until the
termination of properly designed and evalu
ated pured experiments Also we find that
at zero shortenmg the activation metabolism
A 15 of the order of 03 rueromoles per gram
per contraction m good agreement with our
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TOTAL ENERGY LIBERATED

o1 oz o3 04

S ORTEN G CW PE M LENGTH
Tigore 1
Diagram of the possible dependence of the tot1l
energy liberation wpon the shortemng of stimu
lated muscle as determuned by the isotom load
In curve A the energy at any guen degree of
shortemng consi ts as wn formula (1) of the
artwation heat 4, the shorteming heat a AL and
thework W Incurve B o AL and W appear as
before but the activation heat ()7 13 varable
and dimimishes with the vesulting length of the
muscle

origmal estimates' and wrth other recent
expermments ! But as to the factor a AL
the situation 15 less satisfactory Not only
was the varmation of the points too great to
estimate the actual cour<e of the curve but 1t
appeared that 1 the region of maximal
shortening the scatter exceeded the lLimits
that could reasonably be expected from the
vanability between two muscles of a pair
Indeed direct comparisons between maximal
and small shortening (with roughly the same
amount of workh) even showed that the
shortening museles 1n certain sertes decom
posed less ereitine than the nonshortening
ones contrary to expectation and contrary
to the results of larger experimental series *

While further direct experimentation alone
these lines will establich the direct bmchem)e
cal evidence <ome msight already exists 1nto
the reason for the vamable results Farst

-
Th s unexpected Tesult on the other hand seoms
to have Feen the rule n the parallel work by T
Carlson of Johns Hopkins Univeruity Nesther 1,
nor our mork has beea publishel but both haye
ment onel the e matters at several sezentifie meetm‘:
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i equation (1) we assumed that A 1s 2
constant  However we know from Aubert s
work! that this 15 not the case 1n addition
to bemng determmed by a tme factor that
we hive assumed to be constant A depends
on the length or primarily upon the tenston
of the muscle * and while ovir certun ringes
(sueh as those preferably employed m Hill ¢
1938 study3) the yamation of A 15 small A
15 1 gener1l much less & muscle that 1s
shortened to well below the natural length
Thereforc we must write
s(AO) = (A)r+a AL+ W (4)
Curve A m figure 1 ean then only occur 1f
1 a special sitnation A 1s constint  If on
the other hand the change m A upon short
emng 15 considerable (or if 2 1s less than
usu1l) 2 mavuimally shorteming musecle may
well produce less heat and engage in less
metabolism than an 1sometrienlly eontract
mg one
Ac> (A)r+a AL (5)
In such ease we would obtun curte B of
fizure 1 The Iiterature 1s not expheit m
this respect Accordmg to Hill3 A does not
scem to vary greatly in the experiments on
whieh the concepts were dernved (but see
Hill3 pp 169 170) but recent ctlormmetric
results by Tigy11% and a sleight of hand ex
trapolation one ean make of some of Fenn s!
curves as well as the datt of Naechmansohn
(Tables \ and XI'T) are i accordanee
with equation (o)  Our own exploritory

In makang this distinction letween length ar
tension a9 {1 e diternunant vaniable I am not alluding
to the nquiry nhither mus le 38 primanls a tension
or & shorteming generator mince I do mot know af
this 1s a vali 1 question The distinction appears Wien
we try to e imate the muntenance heat of a muscle
during shortemng or streteh Shoull one study the
change 1n 1 ngth from poiat to pant anl tike the
corresponimg valug of A from an empunenlly
dutermin 4 plot of \ agmnt I't Or shoull one
tike tre 4 asouatel vith the jrermling tension
(nhich 1 tarn lepends on tte vehetty W)Y I
\utert + evperiment A d penls hnearly on the
tenmon this relition hip 35 one of the rea ons whv
we tend to favor tio latter decision Wlatever the
final deeison 1t 13 clear that witl re pect to th

nten of heat the nssures a real
operational meaning

MOMAIAERTS

results show that the quantitative relation
ships mav differ from muscle to musele al
though more instances so far have been m
the dircetron of curve A than of curmve B
Clearly, there can be any number of inter
medinte eases between the extremes of equa
twons (1) and (5) Therefore 1t 1s likelv
that our erratic results and those with the
oppostte tendency of Carlson are mn full
agreement with equation (4) meaning that
each of the terms actnation shorteming and
worl energy are associated with a definite
quantity of the same overall reaction PC—
P + C But the accurate esttbhshment of
these relationships (ipcluding the parallel
but not neeessarily symmetriedl case of nega
tive worl ) will stil]l require 4 great deal of
paunstal ing worl

Believing that there should be a balance
between experimental and theoretical work
T am not tempted at this moment to speculate
on the mechanisms by which the musele de
termines how much hochemstry to eall upon
durmg 2 given act of aetrnity  There are
many facets to thus  On the one hand what
causes metabolism to be so greatly intensi
fied? It 15 not entirely 1 matter of 1ts being
wrevocably coupled with the mechameal
change that i elteaited by stimulation be
eause 1t 1> known that metabolism ean be
greatly =ccelerated without a corresponding
merense m meehanictl aetivity by rusing the
external L concentration (an effcct that re
quires the prosence of Ca just 1s exutttion
contraction coupling does'3) On the other
hand what determines the quantty of energy
that 15 mobihized? That the actination en
ergy depends on length and that a shortemin,
energy does occur are not beyond imagina
tion, since changes in length do mvolie a
change i some configuration  Although 1t 15
harder to sssualize the mobilization of extet
enagv for worl even the mystery surround
mg this problem mi it disappetr 1f 1t were
formulated i different terms eg relating
the rate of encrgy production to the velouty
and extent of shortenmn,

Finlly 1t may be stated that while the
present uncertamtics, not only of the exper:

€ lte Vel m X¥IV A gut1se
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mental results but even of the theoretical
expeetations mav be dwisturbing it has its
tranquilizing aspeets as well A good deal
of thought has probably been given lately
to the problem of Larmomzn, (crtan prop
erties of the myoiardiam (eg the lower
efficency  when worhing a,amnst Ingh
Pressure 1e 1t lesser shortenin,, thian when
the same work 13 done bv ¢juting a large
volume of blood agamnst a1 low resistance)
with the Hill laws formulit 1 m equa
tion (1) these efforts have lir_elv remained
unpublished probably becduse they weie un
succesful  The independcnt varmbiity of
the parameters of cquation (4 enible us to
treat such different eises by the same ap
proach this independence also su.gc is that
the separate study of A as a fun tion of the
conditions, and of 1 and W 1n conjunction
with other dynamic quantities 1 with their
metabolie corrlates will be 2 rich field for
future nvestigation

So viewed the present status of the neld
15 not really dicappomntmg 1t 15 merely that
we have looled upon the matter from too
smple a viewpomnt The nabihity to obtamn
prompt answers has 1t least caused the prob
lems to be formulated more realishieally

Acknowledgment
The biochemical investigations alluled to n this
presentation have Feen carred out dur g the last
four years 1 cooperation with K S riydanan and
A Wallier M O Schllnghas man hle de el ped
ovr imstrumentat on along the lnes of 4 ¥ Hills
methodology for the measurement of heat proluction
m muscle During tle few months since our explora
fions m myothermie work bave been carmel out
by Dr B C Abhott (Department of Zoology The
University of Cal forma Los Ang les) anl Profes or
L Dart (Department of Physics Claremont
College for Men Claremont Cahferma on leave 1
our laboratory)
References

1 Fesy W O A4 quant tabive compar son betseen
the encrgy liberated ami the wo k performel
by the solated sartor1 s muscle of the frog

J Physol 58 1:5 19
TENN W O The relaton betwe n the work
performed and the emergy Liberated mn mwus

€ tewm VIm \XIL % gt 1967

w

-

<

@

-

w

©

s

=

=
3

eular contraction J Phvsol 58 33 19 %
Hnn AV Heit of hortemng and dynamuc
coustants of musel. Proc Rov Soe Lonlon
sB 126 1o 1938
Hizr 4 v Proluct on and absorption of work
by muscle §ience 131 89, 1960
Mowicrrs W F H M Apsorr B € avp
Brapy A J Magoryrotl msanmu le phy 1
ology Ann Re Phvsol 23 59 1961
TLECIENSTCIN A JangE J Davies R F
ap Bress H A Chemstry of muscle
contra tion Co traction of musecle without £3
son of alenosme trrhosphate or ereatime
phosphate Nature 174 1081 194
TLFCkFASTEN A JanKE J  LECENER G
AwD BAULk G Z rfallt aln s netnphosphat
bar der Muskele ntraktion? Ar h ges Plys o
259 46 100
Movaaprts W P H M Chemustry of mu c]
Is adeno ne T broken
down dunne a simgle muscle twitch? Nature
174 108 19,4
Moyyarers W F H M Investigation of the
presumed Freak lown of adenosine tripho phat
and phosphocreatine during a single mu ele
tmth Am J Thv ol 187 5%5 19
CarLson F D AND SER A The me hano
chem stry of musculr contrachon I Tre
ometrie twitch J Gen Physol 44 3 19g
Divics P E Cun D 4wp Drrivvs A
The en rgy supply for mu ele contraction
Amn New York 4cal Se 81 408 199
HiL & VA challenoe to bioel em sts Biochm
et bophys scta 4 4 15 0
Tisuer R A Stat st cal Methol for Research
Workers E1 10 Edwburgh Olver & Boyd
1948 p 3
Moxatszats W F H M useular Contraction
A Top ¢ 1 Moleular Phys olooy New York
Tnterse ence Putlshers 19 0
AUBERT X Le couplage energet que de lo eon
traction mu ealure Bruc lle Editons Ar eiq
1956
Tisvr I Warmeb ldung der 1 oton sch baw
asometr sch kontrahierenden Muskeln Acta
physol 4cad se hungar 16 19 19 o
NicsMsNSORY D Uber dem Zerfall der
Tureatinplio pho saure wm Zus mmenhang m ¢
dor Tatigkeit des Muskels Buochem Ztsehr
208 37 199
EaTE L avo Moxwaeets W F H \ e
rle of caleum 1om3 i the accelerat on of
resting muscle glyeolys s by extracellulay ro
tasswm J Gen Physol 44 40 1960




High Energy Phosphates and the Force of
Contraction of Cardiac Muscle

By Rosert F Furctigorr PuD  awp kwane Soo Leg, MD PuD

This paper reviews studies performed by the authors and by others on the lesels of lugh
encrgy (ATP) (ADP)
and ereatine phosphate (CP)—of ecardiac muscle under sarous couditions influeneing
contractile force Interference with emergy metabolism decreases both econtractile force amd
high energy phosplates especially CP Certain types of expenimental ¢ falure are associated
with de:renses 1n lngh energy phospbates however other types of ¢ falure oecur without
 these In addition marked decreases or imereases
contractile foree 1independent of sigmficant changes 1a high energy phosp}mtcs e be
produced by drugs by changes i heart rate or by n
of cations A decrease 1 force when levels of hugh energy phosphate are normal may be
b to a in the of these epergy stores for meebameal work The
nature of this deficieney has been analyzed 1n 1solated cat papillary museles by mumultancously
determining the aetivity orygen consumption apd cantractile fores per beat In the case
of decreases 1n contractile force due either to reduced heart rate or to spontaneous beart
failure the may be almost ly to a loss 1n effictency 1 the
conversion of chemucal emergy m the high emergy phosphates to meehameal energy (work)
Cardiac glycosdes 1n restoring contractile force do so by restorng the effiiency of this
conversion In the ease of decreases in contractile force resulting from lowered extracellular

Ca

the defirency may be attributed partly to o loss of effiiency 3n this conversion and

partly to a reduction m amount of high energy phosphate utilized per beat

T IS NOW generally agreed that the ener

gy for muscle contraction comes erther
directly or indireetly from the splitting of
high energy phosphate bonds  Although
there may be other compounds that account
for a small percenta e of the total high ener
@) phosphate bonds of cardite musele 1t 13
reasonably certamn that 90 per cent or more
of such bonds occur 1n adenosine triphosphate
(ATP) and creatine phosphate (CP)! In
eardizc muscle under steady state conditions
1t may be assumed that the rite of utilization
of high energv phosphate bonds for mecham
<1l work and for other processes in which free
ener.v 1s required 1s balanced by the rate
of resynthe 1y of lgh energy phosphate
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bonds as a result of the couplng of phos
phorylation with metabolism of food stuffs
primarily oxidative metabohsm If the ener
gy for contraction 1s dersved from high
energy phosphate bonds then 1t might be
expected that some correlation could be
found between the level of the principal high
energy phosphate compounds in heart muscle
namely ATP and CP and the strength of
contraction  The first part of this paper
will deal with the results of experiments car
ried out in the laboratories of the authors
as well as 1n other laboratories to mmvest
gate the relationship between gh energy
phosphate content and the contractile
strength of cardiac muscle Tke inescapable
conclusion to be drawn from these results 1s
that under many conditions which markedly
alter the contractile strength of heart muscle
there 15 no corresponding alteration m the
levels of high energy phosphate eompounds
These results have Ied us® 4 to postulate as
Wollenberger® did previously that decreases
m strength of cardiac contraction under
many experimental conditions are not due
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Table 1

Concentrations of Inorgam
Cardiac Museles

Phosphate Creatine Phosphate and Ademne Nucleotiles sn Wammalan

c t tH i gM/Gmt
cd t a lyed P CP ATP ADP AMP R
Dog left rentricle {apex) in situ 19 18 57 —  —  Wollenberger et al 1960
Dog left ventricle of HLP 56 7ot 43 — —  Favazand Tuteng 1907
Cat veatricle (apet) 1 sita 5 t .°4 339 0F) 0I5 Fleckenstewetal 1959
Cat papillary musele n fitro 3 704 .81 0 017 Leeetal 1901
T at ventriele i st 38 €8 412 071 0  Fleckenstemn et al 1908
Rabbat left ventracle 1n situ 19 8 — — —  Wollenberger et al 1960
Guimea pig left ventriele in situ 9 109 — — -~ Wollenberger et al 1960
Guinea p g left ventricle in situ 1 838 559 064 034 Femstem 1960
Gumnea pig left ventricl, 1 situ 106 0 343 10 —  Fochren and Doring 1908
Guinea pig left ventricle HIP ] 01 31, 08% — Hochremand Dormg 198 ___
Guinea pig left atrum 10 witro 3 61 419 41 043 073 Furchgott and de Gubareff 19 5
Rabbut atria 1 mitro 30 43 39 1 08 031 Fleckenstem otal 1959

Estimated from aciilabile phosphate
{Figures probably reflect some conversion

to a deficieney of Iugh energy phosphate
stores but to an unpatrment or dehilency n
the utilization of such stores for contra tion

Deficteney m utilization of high cnergy
phosphates for contraction may Tesult trom
a lower rate of utilization per contractim at
essentially normal efficiency for conversion
of phosphate bond energy into mechamical
energy an essentially normal rate ot utiliza
tion per contraction at deereased efficiency
or a combrmation of these 2 conditions The
Inst sectron of this paper will be directed at
the problem of the nature of the defieiency
mn the utilization of chemical energy for
contraction under certamn expermental con
ditions that lead to marked alterations
strength of contraction with small or in
siomificant changes 1 hugh energy phosphate
content
Levels of High Energy Phosphate Compounds
Under Control Conditions

Over the past 10 years the reported {evels

assum ng 909 anses from term nal phosphates of ATP
£ CP to IP dunng freemng procedure

tissues and 1 the extraction of powders made
from the frozen tissues®?® %? Table 1 pre
scnts data obtaned by ourselves and a pum
ber of other imiestigators with proecdures
that we feel give reasonably accurate values
for the steady state levels of CP and ATP
as well as of morgamec phosphate (IP})
adenosine diphosphate (ADP) and adeno
sme monophosphate {AMP) Some of these
values apply to hearts m situ some to heart
lung preparations (HLP) and some to 10
lated beatmng cardiac preparations m vitro
All of the preparations were under control
conditions 1 the sense that contractile
strength was at a study level and there was
no mdication of ‘failure
Table 1 shows that ventricular musele CP
ranges from about 7 to 12 mreromoles/gram
and ATP from about 35 to 55 mieromoles/
gram The levels of ADP are much lower
than those of ATP ran_ing from about one
fourth to one twentteth of the latter in the
tons  The drf 1

for high ener.y phosphate P m
cardiac muscle especially that of CP have
risen considerably This 1s 1 large part
due to the development of more refined pro
cedures for the determination of these com
pounds—with better methods being applied
1ot only 1m the analyses of extracts of cardhac
muscle but also 1 the quich freezing of the
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m
the levels of both ATP and CP reported by
different authors probably are due in part
to the use of somewhat different procedures
and m part to actual differences in levels
among speues It would appear thag m
heart lung preparations and 1 1solated papl
lary muscle 1n good physiologie condition the
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Figure 1

The effect of acute asphyma and subsequent recotery from asphyzia on creatine phos
phates and ATP n guinea prg heart w sun  Fach pair of points at any given time
represents levels i a single ammal except for pair of pownts at ero time which yepre
sents mean levels an control ammals Asphyzia was started at ero time Contmuous
falling curtes are fitted to powmts obtamed with 8 ammals subgected to varymg periods
of asphyria  Rising curies are fitted to pomts obtaned with 6 amimals after varymg

periods of recorery after

of artificual resy

( arr ) after 8 minutes of

asphyzia (Data of Femstemn? used with his permssion )

levels of CP and ATP are essentially the
same as those found in the heart i sitn®1!
m any gnen speeles

The ATP and CP Ievels 1 atria (table 1)
are considerably lower than those in ventr:
cles 1n the same specles For example m
our laboratory we hive found that isolated
atria of guinea pigs contamn only about half
as much CP and ATP as do ventricles 1n
situ? 7 This smaller content of i h ener.y
phosphate compounds 1 atrial musele 15
not too surposing 1 view of the findings
of earlier worhers that the acd labile phos
phate (mamly from ATP) of atmal musdle
1s onlv about one half of that of sentreular
muscle 1 the rablit and dog?

Infinence of of
Conditions or agents that interfere with
oxidatise metabol m would be expected to

lover the level of high energy pkosphate n
cardiac musele 1f the rate of utilization of
these compounds for contraction and other
processes requiring free energy excceded the
rate of their resvnthests by the nhibited
metabolism It 13 therefore not surprisin,
that the high encrgy phosphate levels fall
markedly below control levels when cardiac
musele 1 subjected to 2 lach of oxypen or
to agunts that minbit oxidative metabolism
as shown in table 2 In all ¢ases m which
metabolism 15 ympared there 3w also 2 very
marhed reduction 1 contractile strength

Note that m every cise the fall of CP s
sroater than that of ATI and that in some
cascs a marhed fall in CI 1s aceompanied by
only a small or msigmfieant falt n ATP
The fact that CI 1s much more «nsiinve to
mpairment of metabolism than 16 ATl was

€ wton ViIm XXIL Ag 16



HIGH ENERGY PHOSPHATES AND THE FORCE OF CONTRACTION 419

Table 2

Chinges s High Energy Phosphates 4
Impairment of Energy Metabols m

D n Strength Produeed by

Condto o gent

_ZCh g fomeo troffer!

mp n g energy Typ £ d e Co tra il
m tabol m prep rat 1 gth cp ATP Ref en
Anoxma for 18 min Guinea pig atnunt —69 -7 Fu chgott and de Gubareff
1m witro 1958°
Anoxs for 30 mn Cat papillary rauscle -7 =31 Lee et al 1961°
n witro
Asphvxia for 8 min Guinea Pig ventricle >=0 —94 —3 Femnstein 1960
mn site
Hypoxma (4¢ 0 ) for  Pat ventncle Marked fall —70 -1 Fleckenstemn et al 1959
30 min 1n situ
Dimtrophenol Dog ventricle HLP —63 0t  Fawaz and Tutunp 195,
Fluoroacetate 15 mg Dog ventriele IILP —59 —1t Fawaz 19.6°
Phenylbutazone Gunea pig ventnele Marked fall  —50 —3 Hochrewn and Doning 1958

Indices of contractile stremgth
lary muscle
preparations

maximal 1sometrie pressure

contractile amphitude for guneap g atrum contractile force for papil
fo gumeamg ventnele 1 sita

eardiae output for heart lung

{Estimated from acid Iabale phosphate assumung 90 arses from terminal phosphates of ATP

also indicated 1n earlier work on the effect
of anoxia and metabolic mhibitors on the
labile phosphates of cardiac muscle® 7
From the results 1n table 21t would appear
that under adverse metabolic conditrons
decreases 1n the strength of contraction are
more closely related to decreases in CP than
to decrerses m ATP  In this connection the
results of some experiments by Mauriee
Femnstemn 7 obtaimzed while he was a graduate
student m our department are worth citing
In these experiments he produced asphyxia
1n open chest gunea pigs by tracheal occlu
«on for sarying periods In some of the
ammals he remstituted artificial respiration
after 8 minutey of a phyxa in order to fol
low the process of recovery Figure 1 shows
s findings on the levels of ATP and CP at
various times after the onset of asphivxia and
also at varlous tmmes during the recoverv
from asphyxia  The fall mn CP was much
more rapid and extreme than the fall in ATP
Moreover after remstitution of artificial res
piration CP returned to essentially the con
trol level within about 10 minutes wherets
ATP showed only a shght recovery over a
period of almost 20 minutes In most of the
anmmals used the left mtraventricular pulse

C e ton Vim YXV Ag t 181

pressure was continuouslv followed over the
course of the expermment and m some animals
the maximal mometrie pressure that the
left ventricle could preduce was determmed
at intervals bv temporary complete constrie
tion of the ascendmg aorta Using ¢ maximal
1sometric pressure as an index of contrac
tile strength 1t appeared that contractile
strength was close to normal as long as the
level of CP was at least 20 to 30 per cent of
the control level but that decreases of GP to
still lower levels were associated with marked
decreases 1n contractile strength 1In the
recovery period after remstitution of arty
ficaal respiration contractile strength was
essentiallv back to normal by the tune (less
than 1 minute) CP had been restored to
about 30 per cent of the control leve] even
though there was no inerease in ATP above
1ts depressed level within the same perrod
From s experiments on cardiac asphvxma
m sitn Femstemn concluded that there was
no correlation between decreases in contrac
tile strength and decreases m ATP content
but a farrly good correlation between de
erease i strength and extreme
CP content Hochremn and Durm;e‘re.:eg;:

basis of therr results with gminea Mg heart
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Table 3

Changes an Iltgh Energy Phosphates Accompanwng Changes an Contractile Strength
Produced by Drugs or Allerations of Eaperimental Conditions

“Chng f m ntrll

Drug or expeniment 1 Typ of Contra
o d tion pepa ton st gth cp ATP
High €1 1n medium GP atrum +310 0 0
Cit pap m +160 0 —o5¢
Tow K 1n medium GP atrnum + "0 -9 —13¢
Cat p1p m + 89 —39 —a7
Epmnephrnine (low) GP atnum +.10 0 0
Tp: or Norept (lugh) GP atrum +380 —19 0
Cardiae glyeosrde GP atrumt +600 0 0
(max motropic level) Cat pap mt +500 0 0
Decreased frequency
{£rom 60 to 0 per mn ) GP atnum - 60 ¢ o
Low Ca 1n medium Cat pip m ~ 86 0 0
Acetylcholine € P atnam - 91 0 0
Rrvanodine GP atnum - %0 o 0
Car liac giyeoside GP atrium — 5 —G4 —3
(toxie level) Cat pap m — 84 ~66 —4

Zero denotes no statistically sigmi eant change

#After spontaneous failure In thes experiments letels in farlure were used as controf levels

$Borderlme statistieal significance

lun, preparations (especrally those poisoned
with phenylbutazone and fluoroacetate) also
eame to the conclusion that there was 1 good
correlation between decrease m the work
eapacity of the heart (as determined by the
competence index ) and the decreise in
content of CP rather than that of ATP The
results of these wnvestigators as well 2s those
of others shown m table 2 suggest that CP
mav be more directly mvolved thin ATP m
supplving energy for contraction However
1t should be emphasized that all of these re
sults were obtained on cardiac preparations
1 which oxidative metaboltsm was 1mpaired
experimentally and that other echanges pro
duced by mmpmrment of metabolism—such as
decreases 1n mntracellular pIl alteration 1n
mtraeellular content of varous ions and
creases in intermediary metabolites—may
have been more responsible for the decrcases
m contrichile strength than the changes m
CP  (Sce also comments by Fawiz and
Tutung!’® on the lack of correspondence be
tween cardine output and CP levels m well
oxvg nated heirt lung preparations parsoned
wath dinrtrophenol )

Influence of A
Which Do Not Inhibit Oxidattve Metabolism

A large number of alterations m exper:
mental conditions none of which 1s thought
to act primarily by interfering with oxidative
metabolism ean produce marhed increases
or deereases m the contrictile strength of
cardite muscle Among these are alterations
brought about by additrons of certamn drugs
by changes in the 1onie content of the extra
cellular flwd and by changes in frequency
of contraction In our laboratories we have
myestigated the levels of high energy phos
phates of 2 1solated electrically driven
eardiac preparations—namely the guner mg
left atrium and the cat pamllary muscle—
subjceted to some of the alterations that wn
flucnce contractile strength$ 4 10 Our find
mgs are shown in table 3 In all cascs m
which similar alterations 1n experimental
conditions were used on both preparations
the results obtamed were essentially the same

The upper part of the table shows the re
sults obtamned under experimentnl conditions
that produced increases n  contractile
strength  The only condition of this type

€ Wtom T im XYY
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Table 4
Chanaes 1 High Ensrgy Phosphat s Assocuated with Expenmental Falure

o

Ty t P t o 1o
»p tn pod gt 3 P ADF__AMPF Rt e
Gumnea pig left Spontaneous [) 0 ) ) Furchgott and
atrium m vitro de Gubareff 19 8
Cat papillary Spontaneous 0 0 — — Lee et al 1960*
muscle 1 ntro
Dog HLP Spontaneous +6 0 - = Wollenberger 1947
Guinea prg ALP Extreme volume — Iy i~ Hochre 0 and Donng
loading 1908
Pat heart 1m situ Aortic constr etion —57 16 - - Szekeres and Schen 19557
(acute failure 30 m n )
Guiea p g heatt Aortic constriction —4 —4 -4 [ Fewstern 1960
m situ {chrome fmlure)
Dog heart 1 situ Tr uspid valve
avulsian plus Olson and
pulmonary artery 0 0 - - Puatneck 19 9%
stenosis (chrome
failure)
Zero derotcs ro stat teall sgmfi 1t cha ge

tAverage of only expetiments Significance doubtful

under which there was an appreciable chan e
m the level of high energy phosphates was
that 1 which the h* concentration of the
bathing medmm was drastrcally reduced and
then the change was a decrease rather than
an mcrease All of the other expermental
conditions (elevation of Ca** concentration
of the medmum and addition of catecholammes
or cardiae glycomides) led to marhed mnereases
1n strength with small or insignificant changes
in the levels of CP and ATP  Our results
with cardiae glycosides are m confirmation of
Wollenberger s earlier results on the dog
heart lung preparation ¥

The lower part of table 3 shows the re
sults obtaned under experimental conditions
that produced decreases m  contractile
strength It s noteworthy that the reduc
tions n strength brought about by iarzed
procedures such as decrease of frequency of
stimulation decrease of extricellular Ca**
addition of acetylchohne and addition of
ryanodine were accompanied by no sigmfi
eant change of CP and ATP from control
levels Previous to our work Wollenberger?®
and Fawaz and Hawa!! had alreadv found
that local anesthetics and pentobarbital were
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able to 1mpair the eontractile strength of the
dog heart Inng preparation markedly without
produeing a sigmficant fall m the high energy
phosphate content of the ventricular muscle

The fall 1 contractile strength produeced
by cardiac glycosides at the toxie dose level
was accompamed by sigmificant decreases 1
both CP and ATP However this 1s not too
surprising m view of the recent findings of
Lee et al * that mitochondria obtamed from
hearts powsoned with a cardiac glycoside ap
pear to have some degree of uncouplng of
oxidative phosphorslation Thus the eond;
tion produced with toxic levels of cardrac
glycosides may be an mterference with ox:
datrve metabolsm whieh would be expeeted
to lower the concentrations of high energy
phosphates

The results shown m table 3 strikingly
demonstrate that the strength of contract?ou
of cardie muscle may vary widely despite
essentially constant levels of high ener,
phosphates The decreases 1n strength ag nfx’e
goes from those experimental conditions that
produce marked positive motropie effects t,
control conditons and from control coudo
tions to those that produce marked mganvle
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Figure 2
The effect of resting tension
on the oxygen con umption of
a papillary muscle stunulated
at a frequency of 60 per
minute  Basal restmg QO,
represents Oy conumption of
the wnstimulated musele at
erotenaon Tension QO, rep
resents the mcrement 1 con
sumplion resulting from ap
phication of tension on un
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stimulated  musele  letinsty
QO, represents the mcrement
m consumption owing to the
contrachile actiuity after stim
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motropic effects must therefore be attnb
uted to defictenctes or imparrments m the
utilization of the available high energy phos
phate stores for eontraction
Influence of Experimental Heart Failure

Three ty pes of preparitions have been used
for concomitant studies of mechameal failure
and high energv phosphate compounds 1n
heart muscle One type 1s the wvolated car
diac preparation such as the papillary mus
le of the cat or the left atrium of the guinea
mg suspended 1n a phywologic medinm and
driven 1t a constant rate by electric stimu
lation  Such preparttions will underge spon
taneous fulure as indieated by a lows of
contractile force 1n the course of several
hours % second type 1s the heart lun,, prep
aration whteh also will underge failure spon
taneously over a period of severil hours even
when there 1s no change 1 1ortic resistaee
or Yenous reservoir pressure during the course
of an experiment This second type of prep
aration can alvo be made to (o mto failure
at a faster rate by mcreasing the ienous
return {extreme volume loadm,.) or at still
a faster rate bv mcreasing the aortie resist
ance A third type of preparation is that i
whieh failure 1s hrought about in situ either
acutely or chronieally either by econstrictin,
the aorta or by constrictin,. the pulmonary
arters along with avnlsion of the tricuspid
valves Chrome failure brou ht about by these

//////////
LS00 00

ulation at a gnen resting ten
MM' ston (From Ieets)
procedures produces chan_es m the wholc
ammal verv similar to those seen mn patients
with con estive heart failure

Table 4 zives the reults of several mvest:
gations earrred ont with thece diffcrent tspes
of preparations Acute spontaneons fulure
occurred n the 1solated etrdiac prepary
tions? * and 1 the dog heart lung prepara
tion'® with no decrease n hi h cnergy phos
phate levels On the other hand acute fulure
m the gummea pig heirt lung preparation
brought about by extreme yvolume loading ?
and acute fadure of the rat heart m «tu
produced by marhed constriction of the
aorta  were both associated with ssgmifieant
falls m high energy phosphates In chronic
heart failure imtiated by stress on the ri,ht
side of the heart Olon and Pratncck 2 found
no significant change 1n levels of high energy
phosphates However 1 chronic heart fal
ure mitiated by stress on the Icft side of
the heart Femstemn did record wigmificant
decreases?

In those <ises of falure m which there wis
no significant change m ki cnergy phos
phate levels there »» agamn 2 dear dissoera
tion of contractile strengtht and useful energy
stores  Such cases of fatlure have therefore
been attributed to a deficrency or mpair
ment 1n the utthzation of hi_h energy phos
phate stores for mechanial work® 3 ¢ In
the case of acuti failure m the .mnea pis

€ Wt Vol m XX} Awg t o)
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heart lung preparation with extreme volume
loading and 1n the rat heart mn situ with
aortic constriction we feel that the fall
lugh energv phosphates mav he largely due
to the demand for oxs.en to support an m
cretsed work load that exceeds the supply
of oxvgen delnered through the coronary
arcelation—thus leadmg to an adverse met
abol condition 1 the heart muscle
In chrome failure mn gminea pigs studied
by Feimnstem 1n ounr lahoratories a number
of typual signs of marhed congestive fartnre
were apparent meluding cardrac hyper
trophy pulmonary edema elevated venous
and right ventriculir pressures and elesated
left diastolic pressures Thus 1t would appear
that 1n chrome congestive failure associated
with aortic stenosts there may be a consid
erable fall m kigh energy phosphate level
Agamn the average fall of CP was much
greater that that of ATP 1n these ammals
and there was a fair correlation between the
severity of failure (estimated on the basis
of physiologie and pathologic changes) and
the extent of reduction of CP A second find
ing which should be mentioned nd which
was made by another gradumate student in
our department Arnold Schwartz was that
the efficiency of oxidative phosphorylation
(determined by P O ratios) of mtoehondrri
from gmnea pig hearts m conestive failure
was depressed about 30 to 40 per cent below
that of mitochondna from normal guinea pig
hearts Thus there 1s a possibility that the
low levels of high energy phosphates m
mnea pig hearts m congestrve falure mav
be dne m part to a loss m efficiency of muto
chondral oxidatine phesphorvlation
The findings of Femstein and Schwartz
do indieate that an imparrment of synthesrs
and a deerease m the steady state levels of
hugh energy phosphate bonds may contribute
to the severity of chronie congestive failure
of guinea pix~ with aortic constrietion How
ever 1t 15 1mpossible at present to state
whether these chauges plaved a primary role
m producng the state of cirewlatory failure
or whether they themeelves developed onls
after the onset of physiologie and biochemical

C eston Vol m YUY Ag tisst

'
I}
1

k3 a
* 2
o E]

B a
¥ H
H H
¥ 3
£ H
g &
5 3
' 3
H H
H

TME m MewTEs
Tigure 3

Changes wn electrode current and e>ntractide ten
sion before during and after electrical stimula
tion of o papillary muscle Musele dmeter ¢ 32
mm  wet weght 38 mg  tension 2 Gm /mm?
Electrode current measures Oy lension n effluent
from muscle The change 1n the current produced
by stimultton can be used directly for calewlating
the rate of actusty oxygen consumption (From
Lee 5}

changes resulting from falure of the over
loaded heart to mamtan an adequate output
Feinstern  himself was able to show that
the mpaired function of the failing heart
was not strictlv dependent on the decreased
CP content By mjecting ouabain into gumea
pgs 1 congestne farlure he was able to
unprove cardiac  function marhedly and
ientelv (as judged from changes mn mtra
ventricular pulse pressures) even though the
cardiac glveoside caused no merease in erther
GCP or ATP abose the low levels found 1n
untreated amimals
Changes in Efficfency in the Utilization of High
Energy Phosphates for Contraction

In the 2 previous sections many examples
of alterations 1 the contractile strength of
eardiac muscle without stgnific ant alte:atmm
1 ligh energv phosphate stores have been
ested This tvpe of findmng has led to the
conclusion that a decrease 1n eontractile
strength m one expermmental condition as com
pared with another often results from a rela
tive deficiency or impairment of the atrly;
tion of avaihible ligh energy phosphatm
However the question 15 stl] left open es{
whether such a deficiency represents (1) Oa
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decrease m the utilization of high energsy
phosphate bonds per contraetion with hittle
change 1n the efficiency of the conversion of
the chemreal energy n these bonds to me
chanical energy (2) 2 decrease in the effi
crency of the conversion of chemical to me
chanieal ener,y with Iittle change m the
utilization of high energy phosphate bonds
pir contraction or (3) 4 combmation of
hoth situations To obtun a complete 1nswer
to this question one would have to determune
sunultaneously the strength of contraction
and the amount of high energy phosphate
bonds used 1 each contraction of the eirdace
muscle under different experimental condi
tions At present however there 1s no aval
able method for determummng dnectly the
amount of ligh energy phosphate bonds used
m each contraction and therefore an m
direct approach must be employed
The mdirect approach developed by one
of us (A SL) involves the use of the 1so
lated clectrically driven cat papillary mus
cle 1 an espertmental set up that permits
the sunultaneous measurement of contractile
strength (usually 1sometrse contractile ten
sion) and rate of osygen consumption (cal
culated from the fall 1n oxygen tension regis
tered with a platinum  oxygen electrode
m a continuous-flow system) 3 With tlus
setup one can first obtun the resting
oxygun econsumption of the unstimulatcd
quiescent muscle at a fixed restin,, tension
and then the tottl oxsvgen consumption
when the muscle 1s stimulsted at the desired
frequency at the same resting tension The
difference between the rates for total and
resting oxygen consumption gies the rate of
extra oxygen consumption required for con
tractions under the given experimental con
dition From this rate and the frequeney of
contrition one can readids calculate the
extrt oxygen consumed per beat
Bing-® has stressed the need for using the
aetnats oxsgen consumption of eardie mus
cle rather than the total oxy, en consumption
if one w1 les to c1leulate the chemical enercy
used for the contraction proccss only How
ever to obtamn the atiaty oxypen conmump

FURCHGOTT LEL

tion of the intact heart (or of the left ven
tricle) one must be able to determmne its
oxygen consumptton 1 the arrested stiate
with good coreniry erculition and with
traventrrcultr  volume mimtamed at the
mean dastolic volume of the active heart
These requirements are estremely difficult
to meet and the best procedure so far used
for arresting the inttet heirt—namely that
of marhedly mcresin, the h* concentrition
of the blood ™15 open to some criticrsm

In contrast to the experimental difficultics
hindering the determmation of activity oxv
otnl consumption n the mtact heart is the
eise with which 1t ean be determined m the
solated eat papalliry musele Fagure @ shons
both the resting and the activity oxygen con
sumption of cat papiliry muscle, drnven at
a frequency of 60 per minute, as a function
of resting tension * Since the resting oxygen
consumption which 1s the sum of the eon
sumption at zero temston ( basal resting
oxygen consumption) and the extra consump
tion resulting from the apphettion of tension
( tension  oxygen consumption) consider
hly excceds the activity oXygen consump
tion at 1ll tensions 1t 15 apparent that the
usc of total oxygen consumption for the est
mation of chemiesl energy required for me
chanieal work will gi1ve values that are much
too high

Figure 3 15 1 plot of data from a typrenl
experiment 1 which the activity oxygen con
sumption and the contractile tension of 1
papllary musde were determined simulta
neously The difference between the steady
state level of the oxygen tension curve dur
m, rest and during contraction 1t a fixed
frequeney can be used directly for calen
lations of the rate of actinity oxvgen eon
sumption By dnuding the activity oxygen
eonsumption per het wto the contractile ten
ston at the steady state Ievel one can obtan
an mdex of the mechanieal efficiency of the
cirdiac muscle under the experimental con
dition nsed

Figures an13 reprolucel from Tee 3 Physiol

lol 186 1960* Ry permisron of the Jourial of
It olog;y
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Table 5
The Effect of Resting Tenswn on the Mechamenl
Eficiency of a Cat Papillary Mu cle at Constant
Frequency (60 per Minu ¢)

Table 6
The Effect of Frequency of Stmulation on the
Mechamcal Eficiency of a Cat Papillary Muscle at
Constant Resting Tensim (4 Gm per Mm*)

Restog A twity 0 uptak € t tl Index £
tenin D tra ten n ec] 1
(Gm /mm. ) (4L fmg X 10 ) (Gm /mm )  ency
1 14 085 061
4 A i 104
10 333 2 068
14 e0 13 041

Index of mechimeal effic ency was obtaimed 1m
this and the mext three tables by dinding value m
third column by that in seconl column

It 15 postulated 1n this discussion that the
activity oxygen consumption 1s 2 measure of
the extra oxidative energy required for the
svnthesis of those high energy phosphate
bonds used for contraction and that the
index of mechameal efficiency obtamed as
outlined above 1s a measure of the efficieney
for conversion of the chemical emergy avail
able m these bonds into mechanical ener.y
m the form of work It 1s also postulated that
a comparison of mdiees of efficiency under
different experimental conditions will enable
one to determine whether the effimency of
this chemieal mechamieal conversion 15 altered
These postulates are valid only xf the 4
followmng assumptions are vahd (1) that
the efficiency of oxidative phosphorylation
remains constant (2) that the resting oxvgen
consumption which meets the needs of all
energy requiring processes other than con
traction 1s the same for the quescent and
for the stimulated muscle (3) that oxidative
metaholism 1s essentiallv the exclusive means
of energy production and that glyeolysis 15
msignificant  (4) that the foree of ometric
contractions 1s practically proportional to
worl which would be dome 1n 1sotomie eon
traction It must be admmtted that at present
there 15 no expermental evidence available
to ather prove or disprove the valhdity of
assumptions (1) and (2) On the other hand
the validity of assumption (3) 1s supported
by preliminary work with papillary muscles
as well as by older experiments showing that
lactie 2e1d 1s not produced 1n beating hearts

€ st n ¥ 1me XXIV A gust 1381

Feq mey At ity

£ 6 btk c t tl 1 dexof
#mlt b t tm tem n mech  cal
? m (L /mg X10) (Gm /mm ) offi cy
10 v 04 0195
30 ~ 62 13 049
90 146 21 139
130 118 09 076

under good acrobre conditions ® Finally re
cent work mn this laboratory uwsing papillary
muscles under 15otome rather than 1sometrie
conditions supports assumption (4) that 150
metrie .ontractile force 1s proportional to
1sotonie work as long as the resting tension
on the muscle 15 the same under both con
ditions

A number of examples of comparisons of
mdices of efficiency under different exper:
mental conditions that lead to marked altera
tions m force of contractron are shown m
tables 5 6 7 and 8 These examples all of
which represent experiments on single papil
lary muscles come partly from published work
of K 8 Lee and partly from unpublished
work In all of the examples given there are
marhed decreases 1n efficiency under those
experimental conditions associated with de
creases m contracttle tension

Tables 5 and 6 show the effects of varia
tions 1n resting tension at constant frequency
of stimulatton (80 per mmute) and the effects
of variatrons m frequency at constant Test
mg tension In the expermment at constant
frequency efficiency reaches a maximum at a
resting tension of 4 Gm /mm ™ and then falls
off at higher tensions The finding of an 1nter
mediate resting tension at which the mdex
of meehanieal efficrency 1 ghest 15 not too
surprising 1n view of earlier work on the
mtact heart which mdicated that the ratio
of measurible external work to total oxvgen
consumption 13 maximal at an ntermediate
level of left ventrieular diastolie volume $

In the experiment at constant resting teq
sion (table 6)  the mdex of mechanen o
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Table 7
The Change of Vechameal Fficsency of a Cat
Papillary Vuscle During Failure In Tatro and
after Recotery with Ouabain

FURCHGOTT LEF

Table 8
The F ffect of Ca*+ Concentratron m the Vedmm
on Mechawical Fficiency of a Cat Papillary
WMuscle

Rel t Rel ¢t R1tl e nde

Experiment 1 et vity cont tl fmehn 1

ndit n Qu t on elency
Prior to onset
of fulure 1 1 1
Durimg fulure 0w 03, 03
Recoverv from
fadure wath
onlm o] 0.1 ® 8
(bl therarcutic

tage)

Relative rather thin ab olute s ues are u ed m
ths anl tle following talle

cency  rises steadily wath ancreaun,  fre
quency up to about 90 beats per minute and
then falls off as the frequency 15 further 1n
creased  The papuliry musde hle a number
of other cardiac preparations mdluding 180
htad . winea pi. ind rabbit atria exhabats
4n merease n contrachile tension with n
wreasin,, frequency over a furly wide range
of frequencies This well hknown  positne
staircase  phenomenon s apparently the re
sult of an mcreas m mechamcal efhaency
with mcrease m frequency and not the re
sult of an mcrease i utthization of chemical
ener.y Indeed on the basis of the activity
oxiygen consumption per contraction 1t ap
pears that the chemrnal enmergy utihization
per contraction actually decreases as the fr
quency ncrenses If the postulate that the
mdex of mechanieal efficiency 15 a diroct
meawsure of the efhaency of conversion of
phosphate bond energy into mechanical ¢n
ermv 15 corrwet then the marked decrease
s ontractile strength at low frequencies
mav be attributed to & very low effictency
for this cruuial consersion

In a previous report one of us (RFF)
supgested that the positine staircase effect
m 1solated gumea pig atria was dependent
on the rate of some activation process ocenr
ring between beats and that the deree of
actnation of the cardiac musle at the time
of an action potential determined the size of

Rt
Ret t Rt {ndex of
€ co tratm aet ty entretlemehn U
i med m Q t in ey
No Ca  (early steg) 0 oo o°7
Ci 12X 10 M 01 g 00
(8] X 10\ 1 1 1
€ v Xx10 M 11 14 116

the contracttle rosponse mtiated by the ad
tron potentinl ¥ It was proposed that at low
frequencies assocaated with small contrac
tions the rate of the actiation process ns
wo slow that the de.ree of activation attamned
by the tmme of the next action potential was
relatrvels small and that at igh frequencies
assoctated with lar,e contractile responses
the rate of the actination process wis very
much faster so that the degree of actnation
1t the time of the next iction potential was
relitnvely great In view of the present find
mgs 1t appears that this proposed 1ctivation
process may 1n reilits be 1 process of restora
tion of a state m the muscle that determines
the efficiency of the comversion of chemieal
to mechameal encrn

In table 7 are the results of an ¢xpermment
on spontaneous failure and recovery from
failure after addition of a cardiac glycoside
It 1s apparent that the failure i« due pn
marls to 2 lows mn mechimenl efficieney
rather thin to a loss 1m energy production
and that the recovers from failure with
ouabam 1» duc to an merease m mechanieal
efbiciency rather than to an mdrease n en
er.v production These resnlts also are not
too surpristn, 1n view of older work on
mntact hearts which mndicated thit certun
types of fallure wert assoctited with a de
crewe m the ratw of measurable external
worh done by the heart to total oxygen con
sumption of the Ix iing haart and that
covery from failure with cardiac glycoudes
was associated with an ncrease i this ratio °
Howerer 1t was mpossible to scparate activ
i ontigen comumption from total oxyv.en
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consumption m these earlter studies and
thus the changes i overall efficency counld
not be cammed to demonstrate directly
changes i the efhiciency of the comversion
of chemeal to mechameal energy n the con
traction process 4lone The present findings
on the other hand do support strongly the
concept that there v & loss of effierny m
this coniersion 1n spontineous failure and
a recovery of effiency during the restora
tne action of eardiie Slveosides

Table 8 shows the results of an expernment
m which the calerum content of the mcuba
tion medrum was varled over a wide range
With mereases m caloum there 1s an
crease i activity Qo contractile temsion
and the index of mechanical efficiency From
the data one may couclude that the inerease
m contractile tension with ncrease m cal
c1um 1s due 1n part to an mncrease in chemical
energy utilization per contraction and in part
to an nerease 1o efficiency of the conversion
of this energy into mechanieal energy Thus
the reduction of the contractile foree brought
about by reduction of the extracellular cal
cum 15 probably attributable both to a de
erease m the utilization of high energy phos
phate bonds per contraction and to 1 decrease
m efficiency 1n the conversion of the chemical
energy of those bonds used mte mechanial
energy

From the resuits of experiments such as
thyse diseussed 1n this seetion we may con
clude that 1m many experimental conditions
m which a detrease 1 contracttle force has
been attributed to a defierency m the utiiza
tion of hih energy phosphates for contrac
tion the deficzeney 15 m Jarge part and some
times almost exclusively due to a loss m
effiileney 1n the conversion of chemical en
ergv of hih energy phosphate bonds mto
mechanieal energy  This conclusion 1s ad
mittedly based on mterpretations the correct
ness of which depends on the vahdity of cer
tain assumptions that have not jet been
strictly proved Iowever the conclusion pre
sents an nteresting working hypothesis and
confronts usy directly with the problem of
what factors control the efficiency of utiliza

C oWt Vim XXV Ag t196

tion of high energy phosphates for mechant

<1l work 1n heart musele  Speculation about

these factors 1s bevond the scope of the pres

ent paper
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Discussion

Dr R E Dauvies (Phiadclph Pa) It
seems that we and Dr Mommaerts have been
flounderin, 1 the same morass for 8 years or
so Concerning the question of whether the
ereatine phosphate ATP system changes dur
g a single twitch he has announced that 1t
does that 1t doesn t and now agam that it
does Originally we found that 1t did not
Then about 3 years ago we found a very
labile compound which we called XP that
was present 1n resting muscle and not mn con
tracted muscle After announemg this dis
covery we hept on working and tound that
sometimes 1t could be seen and sometimes 1t
couldn t Fialls we deuded that XP was a
will o the wisp—or a Wilfried o the wisp

‘We thats Drs Can Delluva Kushmerich
and T then stopped trying to find an unknown
compound and tested known compounds to
find the source of the mor,ame phosphate
we had found to be libirated i a single
twitch The content of each compound we
tried—however esoterc and unstable—re
mamed unchanged Finally despite Vil
fried s published results we detcrmined the
creatine content and found that 1t did change
Then we learned from Wilfried that recently
he too had had inconsistent results In seeh
g the cause for this meonsisteney we exam
med the dates when the experiments had been
done We found that every time the creatine
content hadn t changed the experiments had
been dome 1n spring or summer and every
time 1t had changed the expermments had
been done 1n the fall or winter W henever XP
was there and changed 1t was spring when
ever 1t exther wasn t there or didn t change 1t
was fall Perhaps this seasonal tariation
means that there may be an exeeedingly labile
compound that ean be detected only m the
spring or summer at other seasons it may
¢han_e and be reconstituted so quuhly that
we mmiss 1t

Thus we must wait for spring or go to
South Amertea or start injecting frogs with
pitmitrin or perhaps choose an anmal that
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doesn t have this seasonal variation Then
majybe 1 another 2 years we will find that we
are just where we are today

Dr Kuang Soo Lee I should like to ash
Dr Mommaerts a question You menttoned
that there 15 a possibility that heat of activa
tion and heat of shortening and heat of work
miht eome from different metabohc path
ways Is there any experimental evidence that
even suggests this?

Dr Mommaerts Notso far AsTimplied 1
most of the expiriments the only detectable
breakdown of phosphocreatine Itberates equtv
alent amounts of phosphate and creatme
There are some errcumstances 10 which a s1z
able degree of phosphorilation takes place as
well with hesose phosphate formation—less
phosphate than creatine 1s lhiberated For a
season 1 which the formation of hexose phos
phate was relatively promnent we plotted
either the fraetion that goes to phosphate or
to hexose phosphate as a function of the total
shortenmgz there was no correlation whatso
ever So far then we hasve had no mdreation
of dufferent chemical reactions serving 1 pur
pose or the other

Dr Podolshy There are some early exper:
ments of A VIl which suggest that there
18 only 1 driving chemucal reaction (Proc
Roy Soc London s B 127 297 1939) He
defined wintfial energy as the sum of the work
done and the heat liberated while the muscle
1s active  The recovery heat 1s the heat hiber
ated while the muscle recovers from activity
The mitial energy 1> liberated quickly com
pared with the recovery heat so these quanty
ties are experimentally separable The tofal
energy 1 mitial energy plus reeovery heat
that 1s the total energy exchange assocrated
with activity

Il measured energy exchanges under a
variety of conditions of mechanical loading
and under all these conditions the ratip of
mtal energy to total energy turned out to be
the same This should be the case 1f the drry
g chemucal reaction for the contractile mech



430

anism were the same under all conditions of
foadin, I< this cleir?

Dr Lee Yes but I dont think 1t realls
cin be considered 1s evidence because ther
mods namicallv whatever it produces no mat
ter what pathway you take 1t 1v compensated
for eventually

Dr Iodolsky I think 1t does constitute evi
dence for the following reason If there were
2 diffirent reaetions each having dufferent
heats of roaction and of under certain condh
tions 1 of them proeceded to a greater extent
than the other then Hill would not have
found re,ulanity 1n the ratio of mtial energy
to total energy

Dr Hurley Mayv I ash Dr Podolsky if he
cin make any estimates of the number of sub
strate molecules that need to be bound to the
actin filament to produce the necessary ten
sion?

Dr Podolsky 1 am afraid that T can not
provide you with an ansner

Dr IHurley I was wondering 1f 1t would
haze to be the same sort of number as \[orales

(Moriles and Botts Arch Brwochem 37 283
1902) had to employ m his mechamsm 1n
which 1t was ATP binding that give nise to
the change on the eclectrostitic model Aectu
ally mn that model vou need a tremendous
amount of ATP and if 1n jour model vyou
wipe that amount of ATP off the actm each
time 1t would mmiply vou have to split that
much every time

Dr Podelsky The difficulty with = calenla
tion for the melting model 1s that one needs
a good theoretical basis for relating the ex
tent of binding to force Although this can be
done mn prineiple I have not vet found out
how to do 1t

Dr Palade You considered 2 possibilities
m contraction Dr Podolshy—the shiding and
the folding of the actin filaments How esten
sive should this folding be to account for the
contraction and 1s the folding of such a mag
mtude that 1t should be easily vsible i the
electron mucroscope? In other words 1s the
folding mechannm still compatible with the
present morphologic evidence?

DISCUSSION

Dr Todolsky The extnt of folding of
course should be the same as the (xtent of
shortentng \ow, the was to do the clectron
microxcope  experiments—and some people
have tried this—1s to qurek freeze the mnsde
winle 1t s shortening physiologicalls  and
then make scetions In both modids the fila
ments should return to their orginal length
when the musle redaxes The question 1s
whether vou can cateh the folding before the
thun filament has had a chance to redax a.un
Do you see what I mean?

Dr Ialade Yes but there are micrographs
wmndicating  for example that the contraction
has gone to the extent that the I bands have
disappeared and the filiments are still more
ar less of the expected length on the basis of
shding

Dr Podolshy 1 think that should happen
at the end of contraction i both caws The
question 15 what generates the shortenng
while the musele 18 contractin, not what 1
the disposition of the filtments after the con
traction has ended

Dr Palade So by the time the preparation
s conneeted the filaments are back to themr
oniginal lengthr?

Dr Podolshy Yes that i a wav of getting
around 1t

Dr John Cergely (Boston Mass) Dr
Furchgott 1 conneetion with this puzzhing
problem of fmlure m eficiencs 1s there any
possibilits that the lower tensions one obtams
under yvarious conditions are due to the bloch
1 the excitation coupling 1e 1~ there an n
efficiency 1n transmatting the stunulus to the
contractile sistem? Also 1n the <1 esn which
efficiency mn terms of oxy.en consumption 1s
decreased as compired with the development
of tension 15 one dealing with an uncouphng
at the level of generation of phosphatase?

Dr Furchgott First about exatation cou
pling It 15 quite possible that a bloek or 1m
pairment of this hittle understood primary
process accounts for the decreased contractile
force under some expermmental conditions
This mav be the situation i the easc of the
negative motropi action of acetslcholne on
atria smee the markedlv shortened action po-
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tential may not suffice to grve full excutttion
of the atrial cells Also the rednction m force
at low extracellular Cat+ concentrations may
be due 1n part to an impaired excitation con
pling However I would not expeet an m
parrment of this primary process to ctuse &
marked decrease 1n mechanreal efficiency (as
indieated by a marked fall 1n the ratio of me
chanreal work to activity oxygen consump
tion) such as we found on reducing frequeney
or allowm,, spontineous failure to occur in
papillary muscley

As for the question of whether an uncou
pling at the level of gencration of high energy
phosphate mav aecount for the decreased ef
ficteney T think the answer 1s that such un
couplmg of oxiditriie phosphorylation can
probably be ruled out in certain cases of de
creased efficiency that we base studied—
namely those mvolving low tension low ex
tracellular Ca** and spontaneous failure In
all of these cases the resting oxygen consump
tion was about the same or somewhat lower
than that under control conditions whereas
a greater resting oxygen consumption would
have been expected 1f there was uncoupling
at the level of generation of high energy phos
phates

Chawman Taggart I think Dr B ts
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patients are gong ta be helped divectly by
this hnowledge but one can say that heart
failure 15 a disease of the constant b or per
haps of the constant a 1n the Hill equation

Dr Hoffman Dr Mommaerts I wasn t sure
1f the varmation m the constant for the acti
vation was primanly a function of resting
length resting tension or contractile tenvion
If the vanability 1s primanily a funetion of
resting length 1s 1t related m anv way to the
sarcomere length or let s say to the extent
of overlap of thin and thick filaments m a
g1ven sareomere ?

Dy Wommaerts Tt mayv vers well \ary
Dr Hoffman with the resting length but I
also have 1n mind the vamation with the eon
tracting length Among others Aubert has
studied extensively the mamntenance heat as
a function of the contracted length (Le cou
plage entrgetique de la contraction museu
lawre Bruxelles Editions Arseia 1926) Over
certain ranges there is a lmear relation be
twe¢en mamtenance heat and tension One en
ters here into a form of philosophy which con
siders that etting 2 hinear relation 1s the
highest purpose of the seientist Aceordingly
one might believe that 1t 15 the tension durmg
actiuty that has a primary nfluence upon
the heat

has been wartmmg to speculate on this

Dr Memmaerts Yes I feel very definitely
that 1t has to do with excitation contraction
coupling but probably i a way that 15 mot
revealed by the duration of the action poten
tial Dr A Y Brady (unpublished data) has
felt that i the heart (not mn skeletal musele)
there 15 a defimte correlation between the du
ration of the action potential and the duration
of the active state It 15 as1f the action poten
t1al or 1ts plateau turns the actne state on or
off

However all the motropic changes that we
have encountered 1 the heart are not primar
1ly caused by a change m the duration of the
artive state Thev are caused by & change m
the force veloaity relatzon so that within the
<ime available time a greater or smaller frac
tron of the active state 1s realized n terms of
external tension I don t know whether any
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Of course tension and length are both
changed and apart from the hnearty who
1 to tell which of thee faetors 1s of primary
importance 1n determining the mamtenance
metabolism or even whether this 1s 2 vahd
question? There 1s however a very real op
erational difference between the 2 coneepts
which appears when evaluating the energy
mobilized 1n 2 tetanus of constant duration
m which a given degree of shortening 15 a1
lowed In one instanee with a light load the
shortened length 1s reached rapidly 1n the
other with a heavy load slowly Which value
of the maintenance heat will be operative?
That determined by the varying length or
that determmed by the tension? The angwer
15 not available but the distmnetion mav vell
be accessible to experimental analysig

Dr Podolshy 1 have had a chanee to thinl,
about the earlier questions & bit more Inye
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pls to Dr Huxley, one reason Morales (Mor
ales and Botts Arch Biochem 37 283 19.42)
needed »0 many particles to bind to the polv
mer s that n an electrostatic mechanism
the force 15 redueed by the 10me strength of
the milieu and 1 musele the 1ome strength 1s
quite high On the other hand the polymer
melting process need not he 1 function of
1on1e strength (although 1t may) so there 13
4 chanee that 1t might pot require nearly so
many partieles to generate the foree This
could be especially true 1f the polymer had a
Ingh degree of erystallinity 1n this e1se melt
g 1s a cooperatine process

About Dr Palade s question although there
15 no published electron mieroscope evidence
that supports folding there 13 some pliysio
lozie evidence In both the sartorius muscle
{expermments of Buchthal and Kaser Dan
Bl Wedd 21 121 1951 and of Marechal
Arch wnternat physiol 63 128 1955) and 1n
the heart (esperiments of Rosenbleuth and
Rubio Arch tnternat physiol G8 181 1960)
1 was found that 1if shertemmng starts from
beyond a certamn length the musele his a
memorv  The foree developed at a shorter
length depends on whether that length was
reached by active or passiie shortemng This

DISCUSSION

phenomenon 1s hnown as hysteresis in the
Jength tension cumve In the shding medel,
the shortening musele should Iiave no memory
but an the foldmg model 3t could have a
memory beeause there 1s a point of reference
—the pomnt of attachment of the thin filaments
upon 1ctnation

In the ease of the frog sirtorius muscle
there 13 no memory 1f the mitial length 1s less
than that lcngth at which the II zone van
whes  that 35 1f the thm filaments meet at
the center of the A bind However at these
lengths you wonld not expeet it to have a
memory beeause now the ends of the thmn fila
ments would always attach at the same point
the center of the A band Although the argu
ment 15 mdirect this physiologic evidence ean
be tahen to support a foldin, rather than a
shidin, model

Chairman Taggert 1 am sure that this dis
eussion could go on through the might 1t 1s
qurte evident I think to all of us in the auds
ence that the mechanochemical features of
musele contraction are not yet thoroughly
elueidated I should ke to thank our speahers
for therr very Mummnating discussions and
our audience for their attention and partier
pation

The Rewards of Scienfific Investigation

It 35 stranger that we are not able to inculeate 1nto the minds of many men the necessity
of that distinction of my Lord Bacon s that there ought fo be experiments of ight as well
as of frutt It 1s thewr usual word FPhat solid gool will come from tlence? They are ndeed
to bo recommended for being so severe eractors of goodness And it were to bhe wished
that they would mot only everaise this vigour about ezpemments but on their lres and
actions that they would still question with them elves 1n all that ther do what sohd good
wall come from thence! But they are to know that 1 so Jirge and so various an art as this
of experyments there are many degrees of usefulness some may serve for resl and plan
Benefit without much delight some for teaching Without spparent profit somo for hght
now and for use hereafter some only for ormament and curosity If they wall persist 1
contemmpg all erperiments except those wlieh bring with them immedafe gar and a
present harvest they may as well casil at the promilence of God that he has not male
all the seasons of the year to be times of mowing rewpmy and timtage—T Sprat The
History of The Royal Socsety of Zondon EA 3 172 Citel by W M Bavhes 1 the
preface to Proncivles of Generol Phymolegy Ed 1 Iondon Longmans Green and Co
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IIT Hibernation in Animals
Charrman Alfred P Fishman, MD

Introduction

By Avrrep P Fisamany MD

O THE 1nterested bystander the sub
Ject of hibernation 1s a eurious mixture
of mystery and of seience Part of the mystery
stems from the haze of uncertainty that sur
rounds the 1dea of suspended amimation part
from the exotic creatures that mndnlge i ht
bernation As a prelude to Dr Lyman s se1
entific discussion of hibernation 1 mammals
I should ke to remund you of some of the
creatures with which he will probably deal
Every group of vertebrates except birds
hibernates But of all the hibernating mam
mals the hedgehog and the dormouse have
emerged as the most popular subjects for
studv in the laboratory
The hedgehog 15 the less farmbhar of the two
Tt 15 a mammal of the order Insectnora
ordinarily about 10 inches long In figure 1
15 1llustrated a typical hedgehog on the verge
of hibernation It may be seen that its appear
ance 1s characterized by a surface of spines
and a short tal Not ewdent 1s 1its poorlv
developed brain When startled or threatened
1t rolls up 1nto a ball from which spies pro
trude 1n all directions

From the Department of Medieine College of Phy
s1c1 s and Sargeons Columba Umversity New York
New York
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In contrast to the hedgehog the dormouse
15 2 friend of long standing It 1s shown mm
familiar surroundmngs m figure 2 Not man1
fest i this 1llustration 1s the fact that 1t 1w a
small arboreal squirrel hike rodent which 15
more apt to be found in bushes and trees
than at tea parties But by the close of the
summer festivifies when 1t has gorged itself
to extreme obesity 1t curls up into a ball
and hibernates until Spring As will be re
called from figure 2 the dormouse may be
roused from 1ts torporous state only to lapse
back mto suspended animation when external
stimulation ceases

It 15 to subjects such as these that Dr
Lyman has devoted much of his screntific life
Dr Lyman has wonr world renown for his
fresh observations angd mgenious experiments
By traming he 13 a comparative anatomist
who has exploited the special techmies of
physiology and biorhemistry to unravel some
of the mysteries of hibernation m mammals
He will review for us 1m the hight of his own
researches the present understanding of the
biclogy of mbernation




Hibernation n Mammals

By Cuarus P Jasas AB MA PuD

Hitern1tion and enforced hvpothettma in mammals are wildly different phymologic states
Prior to lilernation there are varous prefarstins for the hilernating state including
¢ T ng anl/or fool stornge anl elanges in the
tturation of defot fat m some animil  The actual i es for the on ct of labernatior
ire unknown for mest tulcrnitor e remun sctine at low envronmental temperatures for
loug periols  Fotranec mto ibcrmition 13 unl r preer e physiologie control wath Leart rate
re pueatory rate and oxigen conwumytion slowing tefore & lechine am 1oly temperature
A revwonably high blool pre sure 19 muntmnel lurag ths jenol and n deep il ernation
by an inerets d periphertl te istanee producel in gart by vasoconstriction. Iomeosta 1s
13 continved 1n hiternation as enilence 1 13 a normal tloodl pH a aunsttinity to inspired CO
1nd A resyon ¢ to ambrent temperature below 0 C 1v ineren el metabolic rate At am
tune during entrance into hbernition or lurmg Wternation tle ammal may arow « fron
this condition Arous1l i3 1 eoorlintted 1}vaologic event in which tte anterior of the
body 15 warm 1 ramlv hy shivering ani other heat generating mechinmsm  while warme |
tlood 14 shuntel from the josterior by differentsil vasoconstrictron unhil the anterior reache
nearly 3/ C The t1 yues anl organs «f nrammals that Hibernate are eapble of useful funetion
at lower temperature than the ti wues of mammals that lo not Nternate but a hypothern el
mammal that ¢an ibcrnate will die w hyyotfern 1t even though 1t hive Jonger anl at o lower
temperature than o mammal that e not hihermate Hibernation must mwolve a re ctting

1 lution  fatt

of the plysiologic thermostat
but tle nature of this  resething

HE BURGFONING INTEREST m

hypothermua for surgery has aroused
some cur1osity amon,. physicians in the natu
ral hypothermia that oceurs seasomalls
mammals thit hibernite There en be no
doubt that natural lubernation as practiced
by many Dbats rodents and imsectivores 1
a far less traumatic experience than the
hypothermia that 1s forced on experimental
ammals and a stady of the former may help
to clamfy diffieulties encountered 1n the latter
Quite obviously both hibernation and bypo
thernua have m common a profound lower
mg of the usual bod; temperature of about
37 C but beyond this symtarity 1t 1s ap
parent that lubernation in all 1ts phases
15 a controlled and remarhably regulated

From the Department of Anatomy Marvard Med:
cal Schoot Boston and the Muscum of Comparative
Zoology Harvari Umiveraity Cambndge Ma sachu
setts

Part of this research was supported by the U 8
ir Force under contract no AF 41 (¥57) 190 and
by grants (RG 5197 and RC 5611) frem the U §
pPubhe Health Service

which thus permits n controllel cooling of tie ammnal
18 not known

condition winle hypothernna consists wir
tunlly m a breahdown of temperature regu
Intion that causes a wetkeming or collapse
of other homeostati mechamsms

It has often been stated thit mammals whieh
hibernate have an madequate system of tem
perature regulation so that when exposed to
cold their temperatures declne and the am
mals enter the hibernating state Actually
however most hibernators that are not pre
pared for hubernation ean stav active and
henlthy for months or even years at tem
peratures that are often fatal to the ¢ommon
laborators ammals of the sime size! If on
the other hand the potential hibernator i
prepared for Imbernation at the time it s
exposed to eold 1t may enter the state of
hibernation withm 24 hours

Preparation for Hibernation
The nature of this preparation for hiberna
ton 1s not clearly understood but 1t 1s cer
tamr that the ammal must be ready for
hibernation or 1t will not hibernate Nost of
the ground sqmerel family become extremely

¢ It Yim XXV 4 t1s6r



HIBERNATION IN MAMVMVALS

fat as the season for lbernation approaches
but this does not necessarily seem to be cor
relatcd with an abundance of sueculent foods
There 15 some evidence that the fatter am
mals hibernate before the thin ones but fat
or thin they all eventually hibernate during
the fall months and come out of the hiber
nating phase of their jearly cyele when
spring arrrves The length of daily illumma
tion has httle 1f any effect upon this (yele
and the evidence to date ndicates that the
cyele »» mmate and recewves few 1f any
clues from the emvironment

Unhike the ground squirrels the golden
hamster 1> not truly eychie and 1if exposed
to cold for sufhcient tune will enter hiberna
tion at any tmne of year Hamsters store
large quantities of food prior to hibernation
If demed the alality to store lubernation 15
delaved as if there were some safety chech
that will not perrmt the ammal to libernate
without adequate supplies for the winter?
Hamsters lose fat when exposed to cold prior
to hibernation and the fat that remains 1s
less saturated and hence has a lower melting
point than the fat from ammals hept m a
warm environnent (fig 1*) # This would seem
like a nice mechamsm to mamtam fat i a
liquid condition during lnbernation but we
have been able to show m both hamsters and
ground squirrels that hibernatron 15 mot de
layed when amimals are fed a diet that re
sults m depot fat so saturated that it 1s
actually solid 1 the hibernating amimal Con
trariwise the onset of hibernation 1s not ac
celerated 1f the animals are fed a diet that
results 1 bodv fat with a low melting point

In the small rodent hbernators lach of
nourishment may rapdly induce hibernation
The metabolic budget of a diminutive mammal
15 extreme for the high surface to mass ratio
results 1n a disproportionatelv large heat Joss
When dented metabolte fuel the North Amer1
can pocket mouse (Perognathus) enters the
lubernatin,, state and thus reduces its imme

F gure 1 reprodue 1 from Faweett and L nan J
Phv ol 186 35 1954 Bv permussion of the
Journal of Phys slogv

€ mtom Vlm XXIV A gust 1361

4%y

M msen e

6 a2

e Mo

LbChw F 1 Nwl  LbGChow Wowol
» 0/ »
Figure 1

Effect of old exposure on the saturation of depot
fat of hamsters and rats on tarous dwts Bar
graph on nght of each par 12 the sodine number
of the fat of ammals exposed to cold  Nenol s
a lughly saturated edible fraction of beef taflow
(From Fancett and I jman+)

diate metabolic problem This 15 deed a
lubernation of desperation for the food sup
plv may be as bad when they awalen as
when they entered hibernation Other small
bibernators notably bats and the European
birch mouse {Sic1sta)® usnally allow their bods
temperature to drop anv time they become
mactive though on other occasions they re
main warm

Apart from the condition of the ammal
as far as available food 13 concerned there
15 evidence that the endocrme glands play a
role 1n the preparation for hibernation Hiy
tologic studies have shown that prior to
hibernation all the endos rine glands show a
marhed decrease 1n activity  Hence 1t has
been postulated that a poly glandular mvoly
tion must take place before the anmmal ean
hibernate * The precie importance of the var
10us endocrmes 1n settimg the stage for hiber
nation has not been elueidated and some of
the ebscrved endoerine myolution mas be gp
plv merdental For example the gonads m(
most hibernators mmvolute nght after ()?
breeding scason whih 1y several montk: b:
fore hibernation occurs Moreover i

1t
reasonably certamn that no single e —_—

ndocrne
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gland controls the hibernating state for re
moval of any one of them does not hasten
the onset of hibernation

Hibernation

In sprte of its mmportance 1 the study of
libernation the process of entering the hiber
nating state has been poorly understood This
15 because the onset of hibernation i capm
cious and recording of the various changes
nvolves instruments that can momitor a
chronic preparation over long pertods Such
wnstruments were unavailable s decade ago
It 1s natural to assume that a dechine 1n
body temperature would be the first mndica
tion of hibernation and that other vital fune
trons would dimimsh 1n rate according to the
van t Hoff rule as the temperature dropped
Such 15 not the case for respiratory rate
heart rate and oxygen consumption are all
reduced before a detectable drop in body
temperature oceurs (fig 2%) The contrast
between this and enforced hypothermia s
striking In the hibernating animal, hiberna
tion oceurs passtvely as if, as Prosser has
so aptly stated someone had ‘turned down
the thermostat 8 In enforced hypotherma

¥ gure 2 reproduced from Lyman Am J Phystol
194 83 1958 By permusmon of the Amenean
Journal of Phys ology

LYIMAN

! Figure 2

| Record of woodchuch enter
ing hibernation showsng chill
sng and rewarming during
the first 2 hours then a
steady dechine into hiberna
tion Heart rate drops first
followed by a decrease sn ory
gen consumplion ond then sn
body temperature Heart rate
and exygen consumption n
crease before body tempera
ture when ammal rewarms
(From Lyman %)

K
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the ammal chills in spite of a violent meta
bolte effort to remain warm

The actual entrance mto Iubernaton 1
under fairly r1.,1d phystologie control, and
the dechme 1n body temperature s always
slower than 1t would be 1f the thermostat
were quehly changed from a setting of 37
to 5 C In most of the hbernators bouts of
shuvering often accompansed by gross mus
cular movements take place from time to
time  On these oceasions the heart speeds
and the metabolic rate inereases If the bouts
are of long duration the body temperature
ceases to drop and often rises transiently
The result s that the animal may enter hiber
nation by uneven steps rather than m a
smooth curve At least one hibernator the
Californta gronnd squirrel, allows its body
temperature to drop only part way toward
the deeply hbernating state on 1ts first at
tempt With each subsequent emtrance the
body temperature drops to 2 lower level
until 1t finally reaches a body temperature
shghtly above the ambrent temperature of
5 C (fig 3f) It has been suggested that
these precisely regulated drops serve to test
the state of the anmal so that 1t never

tFigure 3 reproduced from Strumwagser Bull
Mus Comp Zool 12¢ 85 1960 By perm ssion of
the Museum of Comparative Zoology
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lowers 1ts body temperature below a level for
which 1t 1s physiologically prepared® Fur
thermore each entrance mto and arousal from
hibernation m this ammal takes place at a
precise tiume of day even m the absence of
external clues which suggests that the onset
of bernation s being controlled by some sort
of an 1nternal clock
The errculation during entranee into hiber
nation i the thirteen hined ground squirrel
1= regulated with eonsiderable preeision The
first precipitous decline 1n heart rate signal
mg the start of the whole process causes a
drop 1n blood pressure which however re
mans within the normal values for active
ammals (fiz 4*) The heart contimues to slow
both by skhipping beats and by reduction mn
the number of even beats (fig 5) As hiber
nation deepens this becomes more and more
exaggerated untl 1 deep hibernation the
heart rate can be as low as 3 beats a munute
with periods of bradyeardia lasting 30 sec
onds or more (fig 6) Peripheral resistance
as mdicated bv the slope of the diastolic run
off increases with the declme m body tem
perature so that the mean blood pressure
remains at remarkably hih levels for such
4 slow heart rate Undoubtedly part of the
increase 1n peripheral resistance 1s due to the
mereased blood viscosity at low temperatures
but some of 1t must also be caused by vaso
constriction for vasodilators and adrenergic
blocking agents rause a decrease i peripheral
resistance accompanied by an 1increase in
heart rate that may be m part compensatorv
(fig 7) Since the temperature in every part
of the body declmes at an equal rate (see
figs 2 and 4) 1t 13 apparent that the vaso
constrietion 1s generalized 1nd not confined to
certain organs or areas'®
The preferential ambient temperature for
hibernation 1n most mammals 15 a few de
grees above the freezing pownt of water As
the body temperature approaches that of the
environment the body temperature curve he
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Braw temperature of a Califorma ground squirrel

entering hibernatwon wn the cold during the sum

mer showing 3 test drops M ond N=mdmght

and noon (From Strumuasser$)

comes asymptotic and 1f the ambient tem
perature does not suddenly mse the body
temperature always remamns shghtly higher
than the environment The hibernating mam
mal 13 curled 1 & tight ball, with only the
bach exposed 1 the nest and the low meta
bolic rate 1s enough to maintan this tempera
ture difference Bats which must roost and
libernate 1 an extended position have a
body temperature 1dentical with the environ
ment 1f they are foreed to hibernate singly

In deep libernation the metabolie rate 15
often less than one fiftieth of that of the
awahe animal at rest and the body tempera-
ture may be as low as 3 C In spite of thig
the animal maintains a remarkable degree of
homeostasis  Although the blood sugar 1s low
m some spectes during hibernation 1t 15 nor
mal 1n others The pH 1 essentially normal
and pCO 15 low compared to the active am
mal In hibernation the resprratory centers
remain remarkably sensitive for an 1nerease
of ambient CO above 4 per cent will cause an
merease wn the respiratory rate The hiber
nating anmmal also retains a certan degree of
homeothermism  Between ambient tempera
tures of about 4 and 15 C  the body tempera
ture passively follows the temperature of the

Figures 4 5 6 7 9 reproducel from Lvman and
O Brien Bull Mu Comp Zool 14 353 1960%
By perm wmon of the Museum of Couparative
Zoology
C culaton ¥ I m XXIV A gust 1581

If the ambient tem
peratnr,
slowly drops to 0 C or lower the metabo],z
rate 15 increased and body temperature
mamtaned above the freezing pownt Som::l
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LYMAN

Figure 4

Blood pressure (mm  Hg)
heart and abdomnal tempera
ture and heart rate of a
thirteen lned ground squnirrel
entering  hibernateen  Blood
presvure m dark area 13 high
et syst)le and Iowcest diastole
recorded for a 1 muute pe
riol at 5ommute mierrale
He et rate and blood preseure
decline before body temyera
ture Heart remains  lghtly
uarmer than abdomen i hi
bernation (From Iyman and
O Brien %)
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Figure 6§
e 4 Blood pre sure and FAC
mi.  of ammal graphed w figure

4 Uneven pattern of beats 12

r.-r ra{m ,‘/:.ur 7{” .7;7 I

WW”\NW\H\N\N\NW\f

typical for ths tage 1.6
pm=1Y, honrs on figure |
B Same ammal lrter Pattern
of beats and kipped beats ¢
now even (From Iyman and
O Brien10)

.3

times the anumal remamns m ibernation with
a hiher metabolic rite and on other ocer
stons the metaboli effort 1s sufficrent to cause
arousal from hibernation In other cases this
rather low gride temperature regulation 1s
msufficent to protect the ammal and 1t
freezes to death m hubernation 1t

Deep hibernation does not last throughout
the winter m amy manmmal for periodically
the amimal wakes eats stored food if avail
able voids and returns to the hiberpatm,,
state The periods of irousal sary with the
species Hamsters generalls hibernate for only
3 to 5 consecutnve davs ground squirrels for
a few davs longer and bats may hibernate
for a month or more without waking

During the periods of hiberpation cell
growth and replacement are greatly reduced

but not completelv stopped Although it has
been reported that nutoti activaty 18
abeyance during hibernation ! we find matotic
figures 1n the cry pts of Liebcrhuhn of ground
squrrels that have been hibernating con
tinuonslv for as long as 13 days Radicactne
sron 1njected mmto continuously libernatin,
haimsters 1s found m the erythrocytes show
mg that hematopotests 1s continuing  albeit
at a very slow rate The reduced rate of cell
production seems to be paralleled by a slow
rate of cell amng and destruction for eryth
rocy tes tagged with chromium remamn m the
arculation for a much longer time in a
hibernatin, anunal than they do in an anumal
that 1s active '* No experiment has been de
signed which proves that an enmmal i luber
nation hives longer than its active litter mate

C wltom ¥ lums XYIV A guat 1981
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and v Tran tent merease of o Lacores el

keart rate 1t low boly lem

perature Nole »u cle actim

potentil n FAC 1 notmg

irering . b

B Same mumil noe s deep s 5T o im F5E

hibernation  Blood pressure =3

shightl; dimped Blurring of o
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Figure 7 o

A\ Pulse pressure in deep A ——mm——

hibernation Tt I ORIT 1 o BIER MALTI CHO M =

B Ffect of acetylcholme Gz 20 7ems 2rme

2
Faster dwstolic run of from
hghtly lower systohe pres ]

sure than w Figure 74

€ Pulse pressure w deep
htfernation

D Pulse pressure after ad
renergr blocking agent Fast ¢
er diastoli run off from same

systoli. pressure (From Ly fare #
man and O Brien 1)
AN
o

but 1t 1> interesting that bats which may
spend one half of their Iife 1 hibernation
are extremely long lived ammals for thewr
s1ze

Earlier ¢limeal work had suggested that
neoplastic tissne might be differentially Jalled
or 1ts _rowth slowed by cold and hibernatm,.
anmmals provided an excellent opportumty to
test this premise Homologous tumors im
planted m the cheeh pouch of hamsters
which then enter hibernation showed no de
tectable inerease in size during the perrod
of hibernation though on murowopic exam
mation some of the cells appeared to be
viable As soon as the anrmals awohe from
hibernation however growth of the tumors

€ wlton Vol m XTIV A gst1sax

Tre 0334 Lur v MTEw SENOOD
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resumed ¥ Heterologous human tumors iy
planted m the same manner also were not
destroved by the 5 C temperature of hiber
nation and Ined to grow agun when the any
mals awohe !

Anmals exposed to radiation during hber
nation show lhttle or no cellular damage as
long as they remain mn the Mbernating state
Once they have aroused from hibernation the
cell destruction begins and the length of the
ammal s life 15 only prolonged by the number
of davs 1t has been n hibernation % The
nature of thrs radiation memorv g not
understood and 1ts studyv may be a help ,
the clarification of the procecses mvolveq .
radiation 1njury Reparative processes m;’;
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D Figure 8
g ——— E]ect of hibernation on the
g response of n
S o 5 dmdual hamsters at 5 C
3% m rremmmmee . " 4mmaly bled on day rero
¥ o s o Hibernation delays and sup
I presses the response (From
100 /\-\AA Lyman ¢t al17)
C N ) s P B @ B %

7 T Ans 4

as hematopolesis after bleeding take place at
an extemely slow rate if at all durmg
bernation and 1t 1s only after waking that
the animal reacts to the stimulus for repair
(g 8%) 17
Arousal

C hib 1on  through the
winter months would be the most efficient
way to avoid an unfavorable situation but
this does not occur 1n any species that has
been studied Although many theories have
been advanced the cause for pertodic arousals
1s not understood Arousal may be evohed
from an anmal i hibernation at anv time
if a sufficiently strong stimulus 15 a2pphed
but the strength of the stimulus necessary to

Tagure 8 reproduced from Lyman et al I Exper
Zool 136 471 1907 By permisson of the Journal
ot Expenmental Zoology

Figure 9

Thurteen limed ground squir
rel waking from hibernation
graphed as e Figure 4 Note
difference tn heart and rectal
temperature Blood pressure
drops as rectal temperature
nses (From Lyman and
O Brien 17)

produce the arousal seems to vary with the
species and the phystolegie state of the animal
at the time The process of arousal 1s a co
ordinated series of phystologic events m which
the hibernator returns to the active state m
a mimmum of time using only heat gener
ated by 1ts own body In tins orderly sequence
the eontrol of the circulation 13 remarkably
exact and 1t 1s this crreulatory control that
permts the rewarming with such efficiency
Arousal from hibernation 1s 1n sharp contrast
to the condition of an ammal 1 enforced
hy pothernua where the ability to rewarm 1s
almost completely lost

The process of arousal 15 apparently the
same whether the awahening 1s evoked by an
external stimulus or whether 1t occurs natu
rally duning the hibernating cycle One of
the first signs of awakeming 1s an increase

€ culat m Vol m YXIV A g t1951
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Figure 10

Radwpague materitl snjected wmto heart of normal anesthets ed hamster X ray taken
2 seconds after start of myection Note complete erreulation of matenal (From Lyman

and Chatfield )

m heart rate accompamed by & decrease in
peripheral resistance 1 The exact sequence of
events 1s difficult to time but resprratory
rate and oxygen consumption rise before a
detectable rise 1n body temperature In the
ammals exammed to date the heart rate mn
creases for several minutes before the blood
pressure begins to rise (fig 9) Once arousal
15 well under way, the rise m blood pressure
18 rapd and 1s accompanted by an ever
1nereasing metabolie rate Shivermg which at
first can only be determined electromyo
graphically soon becomes s0 gross that the
whole anterior portion of the ammal shakes
with the effort

It 1s characteristie of wahing hibernators
that the antertor of the amimal warms rap
dly while the posterior remamns near the
tcmperature of decp Mbernation (see fig 9)
This 1nteresting economy of effort 13 caused
by a urculatory control that appears to be
an exag.eration of an ability fournd i nen
hibernating mammals The rat rewarming
from hypothermia shows some of the same
capabitities but not to such a refined extent 1
Injection of radiopaque material into the
left ventricle of hamsters arousing from hiber
nation bas demonstrated that circulation to

€ waton Vol m XUV A gust 1361

the posterior part of the body 1s inhibited
and 1t 15 reasonable to essume that this 3y
accomplished by differential vasoconstriction
so that the cireuletion 1s mostly confined to
the heart lungs and bramn (figs 10* and 11)
As arousal contmues the anterior portion of
the body warms to nearly 37 C before the
rectal temperature changes markedly The
rectal temperature then rises rapidly and
within a few mimutes the body temperature
of the whole animal has returned to the con
dition found during the normal active state
Whnle the antertor part of the ground squirrel
1s warming the mean aortic blood pressure
continues to rise but once the posterior
starts to warm the blood pressure erther
drops or remams level (see fig 9) It seems
probable that the heart 1s able to develop
and mamtam a very high blood pressure
when the blood flow 1s restricted but that
when the whole erculation 15 dilated it can
not compensate for the decrease ipn total
peripheral resistance The importance of aif
ferential vasoconstrietion durimg the Wwarmip;
process ean be demonstrated by mtra.-artena?’
Fagure 10 reproduced from Lyman and Chatfery

J Exper Zool 114 491 1050
Journal of Expe imental zwo"y permison of the
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Figure 11
Radiwpague materwal angected wnto heart of hamster waking from hibernation \ ray
taken 4 seconds after yection Note lact of ewenlation to the posteror

mjection of norepmephrine durmg the wak
mg process If sueh an mjection 15 carrnd
out while the rectal temperature 1s risin,, rap
1dly the temperature ceases to rise for sev
eral minutes 1nd the blood pressure mcreases
A serzes of such mjections at mterials will
cause the rectal temperature to rise 1n a step
wise fashion 10

The arousal from hibernation mmvolves a
=reat metabolie effort and 1t has been caleu
lated that as much energy s spcnt 1 one
arousal as 1 10 days of libernation Oxygen
consumption rises rapidly as the anterior of
the anmnal warms and reaches a peah at about
the time the temperature of the anterior body
attans 37 ¢ At the high point of metabolic
effort oxygen consumption 1s at least as
great as m 1n active ammal under conditions
of maximum stress from exercise The heart
rate at the peak of metabolic effort 15 often
100 times as f1st as the slow rate of hiberna
tion The nwhole animal scems geared to warm
from s low body temperature in the least
possible time and the heart beating 2t a rapid
rate agamnst o lugh head of pressure may
be an mefficient pump but must contribute
sigmfie intly as a heat source

Tf one can generalize about the mbernating
cvele by combiming the observations om var

10us species of lubernators a fairly complete
preture may be drawn The anmmal in hiber
nation exerts a mmmum metabohie effort
condugerve to life deriving energy from stored
fat as evidenced by 1 respirators quotient
of 07 Vasoconstrichion muntains a Iivable
mean blood pressure and other homeostatic
mechamsms function efficiently enough to
permit existence However the hibernating
ammal 1s always potsed for arousal and even
as sli ht a stimulus as a quiek puff of ar
can sometimes start the waking Once started

arousal usuilly 1s carried to completion In
arousil the decrease m periphernl reswtance
15 caused by & vasodilation of the anterior
portion of the body while the posterior re

mains yasocenstricted Shivermg and respira

tory moivements contribute most of the heat
to the waking process though the totally
curarized hamster can warm slowly from
hibernation presumably by usmg chemueally

engendered heit® The mamn source of
energy appears to be carbohydrate for the
olycogen of Iner and muscle 13 greatly

depleted durmg arousal Ve have sug.ested
that arousal 15 mediated and drrven by &
mass discharge from those somatic and sym

pathetic centers in the central nervous sys

tem that control temperature regulation in

€ Wt V1m XXIV A gut 196
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he active homeothermie mammal > Although
ubcortieal electrical exploration of the bram
f the waking hamster has failed to implicate
he hivpothalamus 1 the earlv part of
rousal ! there can be no question that the
vhole process 15 under preeise control and
hat the autonomie system must play a part
n this regulation

The homeostasts that 15 typical of hberna
yon 15 maintamed at body temperatures which
wre usually lethal to anmmals that eannot
ibernate and 1t seems to be tvpieal of ber
nators that their organ systems can function
at very lon temperatures Thus the peripheral
nerve of the Norway rat ceases to function 1t
9 to 10 C while that of the hamster will
conduct at femperatures as low as 2 C (fig
12%)  The hearts of most amimals that do
not hibernate stop between 16 and 10 C
while the hearts of some amimals that hiber
nate wall continue an organized beat at -1¢
At shghtly below this temperature the blood
1tself would freeze If the heart rate 1s plotted
against temperature i the perfused 1olated
heart of a nonhibernating mammal the graph
18 nearly linear and the temper iture at which
the heart will stop can be predicted with some
aceuracy by estrapolating the slope of the
temperature rate curve at Tigh temperatures
Dawe and Morrison * were the first to pomt
out that this 1s not the case m ammals that
fubernate for there 15 a break mn the tem
perature rate curve at about 15 C and the
Iibernator s heart contmues to beat at lower
temperatures than would be predicted The
hearts of nonhibernating species that are
phy logenetically closely related to species that
do hihernate <how no particular resistance to
wold yet the hearts of all species of hiber
nators that have heen tested to date are
resistant to cold cven though they may bhe
only remotely related phylogenetically {fiz
13) This suggests that the ability to hiber
nate may have been developed separately
ymong 1arious specles of mammals and the
Wnhty to function at low temperatures 1s a
U

¥ gure 1 eproluced from Cl atfiell et 21 Am
J Phymo!l 155 179 1948 By permi ion of the
Amencan Ja rnal of Phve ology

€ laton ViIm XXIV Aot

Figure 12
Effect of temp rature (C ) on the artion pot.
ential
of the 1solated tibial nerve of hamster (tfm"a;ﬂd
rat (nght) (From Chatfield et al??)

result of the development of the hibernating
habit * For those who consider h)bemaho:
a prumtive charactersstic 1t 1s of some inter
est that the most primitive Itving rodent the
mountain beaver (Aplodontia) possesses a
heart that 15 as ~ensitive to low temperatures
as one of the most phylo_eneticalls advanced
rodents the Norway rat (see fig 13)

The Physiologic Thermostat

If one grants that the hbernators as a
group possess organs and tustes that funetion
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Figure 13
Effect of temperature on the rate of ssolated kearts of hibernators (top four graphs)
and non hibernators (bottom four graphs) Closed crrcles=first cooling open circles=
reuarmmg Triangles on graph of grey squirrel mdicate ectopsc ventricular beats only t

b

at temperatures lethal to hibernators 1t
15 pot hard to imagine that the lubernating
mammal could keep In a steady state by re
acting slowly albeit effectively to internal
or external changes The problem however 1s
not sumply one of cells and tissues that can
function at unusually low temperatures
When exposed to extreme cold, an active h1
bernator resists chilling by pilo erection shiv
ermg and the other methods of heat genera
tion and conmservation that are typieal of
mammals as a whole If the cold 1s over
powering body temperature drops and the

enters a hypothermic state In
hypotherrma a hbernator will live longer
and at a lower temperature than a mammal
of the same size that 15 mmeapable of hiberna
tion However 1t cannot rewarm from near
freezing temperatures without exogenous heat,
and 1f left in hypothermma 1t will die withm
24 hours

We are thus left with the concept that tu
bernators have some way of turnmg down or
resetting their ¢ physiologie thermostat * Be
cause of this ability, they have a specialization
of temperature control that 1s unique to them

€ el ton Vol me XXIV A gust 1961
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alone among the vast array of mammals as a
Class The ‘resetting must mnvolve changes
m both the somatic and autonomie nervous
systems but the precise nature of these
changes 13 lar.ely a mystery We know that
the changes must be coordinated and that
every change must be reversible so that 1t
15 not hkely that some sort of endogenous
metabolic depressant plays a key role mn the
process It may be that hibernation 1s an
exaggerated form of sleep 1f so 1t 15 a big
enough problem to keep us busy for some time
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IV Contractile Protems
Chairman [udwig W Lichna, MD

Introduction

By Lvpwis W Frensa MD

HIS MORNING S PROGRAM will
quire mto 2 aspeets of heart muscle The
first of these 15 morphogenests what 1s known
dabout the wav muscle cells grow and develop
singlv 1 culture m vitro and how the
varous components of the hewt develop m
wnvo accumulate learn their positions withn
the organ and differentiate 1 the embryo to
produce the final structure
The second aspect will deal with contraetile

From the Department of Mediine State Umrersity
of New York Dosnstate Melieal Conter Brooklvn
New York

protem The function of muscle 13 to contract
and this unique brologie action 15 now um
versallh considered to be brought about by
the contractile protemns myosmm and actin
The second half of the program will constder
these 2 contractile proteins derrved from fail
mg and nonfaiing hearts of ammals and
man It will consider their biochenucal and
biophvsieal properties and thesr relationship
to the genesis of congestive heart farlure
partreultrly as it 1s seen i man

Without farther ado I should hle to eall
on Dr Irwin R Tomgsberg who will con
sider * Some Aspeets of Myogenesis i Vitro ’

The Size of the Heart

1t 13 not absolutely true that people hawing Jarge hearts are cowards and on the

other hand p ople having small hearts courageocus

Avicenna expresses humself well by

s1y1ng that 1m those who have Jazge hearts and are conards the sue of the heatt 13 out of
proportion to themselves and that such people ought to be ealled true cowards with ther

large hearts

Thus when courageous Persons have small hearts they are really courageous

However there might be courageous persons with hearty of tle right and proportioned
size —R Ernksson Andreas Vesalws First DPublic Anatomy at Bologne 1540 An Eye

witness Report

416

Uprp ala and Stockholm Alnquw t & hrk ells Boktryekers Ab 1950 p .37
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Some Aspects of Myogenesis mn Vitro

By Irwmn R LonigsBere 1HD

Suspensions of embrsome chick leg muscle ells have been emplayed to establish repheate
monolayer cultures Such cultures grow ramdly to fon 1 confluent layer of cells Despite
enlture conditrons generally assumel to b ded fferer tiative  a high degree of differentiation
15 attamel 1n terms of the derelopment of eross str ated myofitnls and comtractihty To
evaluate the po sible role of 1n witw nuclear epl eation 1n the development of multiueleanty
1 muscle eells an mbibitor of deoxsr bonuclre a1 (DNA) synthe 13 methyl bis (beta
chloroethylamn.) (mtrogen mustard) was employed Treatm nt w th mtrogen mustard at
coneentration levels tlat Trofoundly mhibit DNA synthes s does not Mlock the format on of
multinuelear eells On the tas s of the pattern of nuclear enlargement after mitrogen mustard
treatment the eytologi I cture of treated cultures is interpretel ay indwcativg that the
nuclex of only mononucleate1 cells ar normally capible of probferation Am atsence of
Yroliferative achimity m the nucle of multmmelear cell suggests that myotlast prohferat on
15 self houting o this s stem 1nd mav explan 1 pa t the hugh d gree of differentiation

attained 1 monolaver culture

DEVELOPMENTAL BIOLOGY as

I the biologie scences oenerally a signifi
cant factor i the development of an area of
research 1s often the choice of the most smt
able system The svstem should permit ready
mampulation of its eomponents rigid control
of environmental factors and accurate re
produeibility Tissue and organ culture teeh
mes have n the past served admrably m
approaching these goals® The development
of satisfactory technies for preparing cell sus
pensions from orgamzed tissues ¥ and for
cultivating such cells on a glass substratum!
offers a degree of precision difficult to equal
Although tissue disaggregation has been
applied fruitfully to the problem of cell affinl
ties and the factors eontrollng the reorgan:
zation of t1ssue archuitecture 51¢ the extension
of the technic to the cultivation of dispersed
cells has not been widely applied to develop
mental problems ¥ 1 Thi 1> understandable

From the Ge ontology Bramch National Hea t
In ttute National Institutes of Health T 8 Puable
Health Sermce Department of Health Edueaton
anl Welfire Dethesla anl the Baltimore City
Ho ritals Baltimo e Marylani

m view of the prevaihing opinion which holds
that cellular differentiation depends on cell
density 18 With respect to thy viewpomt cell
culture technies mav present an opportunmity
to explore the nature of such a dependence

The present studies deal with the use of
monolaver cultures of cell suspensions to ex
amme cellular differentiation m embryome
muscle cells Embrvonic skeletal muscle cells
grow 1n cell culture and when conflueney 15
approached differentiate 1nto elongated mul
tinuelear cells mm which the development of
tvpieal eross striated myofibrils ocenrs Ppro
gressively and which acquire the <bility to
contraet vi_orously 19

Culture Methods
The sparsity of extricellular connective t sue
fibril  and the relatively greater extracellular
space of embryomic tis wes render hem mons
readily dissocasble by brief treatment with diuty
trypsm than adult trsue  Leg musele from 11
to 1% dav ald chuek embryos can be disaggregated
by 2 10 mnute neubation at 37 € 1m0 03 per
cent crule tryp m Trvptic actin 15 stopped by
diluting the meubation mixture with an equal
volume of cold complete gruwth medim  an.
undiested tisve re wdne 15 removed by ot

suce
Patof th s work as upportel by research g ants filtration  through gauze and 200 mesh b:»;::‘:v
(L 4 7 and B 54 from the Nat onal Tnst tutes of sk The filtered ecll suspension 1 centrafngny

Health U $ Pubhe Health Servzce and carnel out
at the forner Laboratory of Chemical Emb yology
Umiversity  of Colorado Medical School Denver
Colorado

Vim
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En

at low speed (1000 rpm)
deemted and the cell
growth medium  The
counted m an ordimary

the supernatant
are resuspended 1n fregh
cell suspension 15 fhep
hemocstometer ang fpe
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Figore 1
A Section through leg muscle of 12 day chich embryo fixed s Allen s BI5 stained with
hematoxylin and eosmn Note the o prominent multinuclear cells wn the center of the
field (X 210 ) B Cell suspension of embryomc leg muscle cells photographed an the
hemocytometer chamber (Phase contrast X 500 )

desired aliquots are delivered to an appropriate
culture vessel—for most purposes a 5 cin diameter
Petr1 plate
The Initial Inoculam

One of the more disagreeable aspects of
differentiation from the experimenter » view
point 18 1ts lack of synchrony Thus n chick
leg muscle at 12 days of meubation, although
there are large numbers of undifferentiated
mononucleated cells many of the cells are
further advanced These comprise cells with
varying degrees of multinuclearity, as well
as some cells that are obviously cross strated
(fig 1) Careful exemination of the cell sus
pensions however indicates that they consist
prineipally of mononucleated cells Table 1
gives the distribution of nuclel per cell 1n 4
suspenstons smeared, fixed and stamed 1m
mediately after preparation The fate of the
larger cells present m the tissue 1s obscure
They may be damaged during preparation
filtered out with the undigested residue or
as has been suggested by Rinaldiny,* broken

up 1nto viable subumits as a consequence of
trypsip trestment The labihty of the mult:
nuclear condition has in fact been observed
m culture *
Dufferentiation

The conditions of eell culture ave generally
assumed to favor nerther differentiation nor
the retention of differentiative character This
13 apparently not true for embryonie muscle
cells using the techmes described above
Twenty four hours after the cell suspension
1s pipetted into the Petr1 plates the cells
settle out and attach to and flatten against
the glass substratum The eulture presents
the appearance of a typieal eulture of ‘fibro
blast ike eells Although the cells increase
m number they remmn  fibroblasthke until
confluency 1s approached At thig time large
numbers of extremely long multmueclear rib
bon like cells appear which crisseross through
out the culture (fig 2) Uswg ar imtial
moculum of 5 X 10 ecells per 5 em Petry
plate this process of multinuclear cell for

C onlton V1ImeXXIV A g &1381



SOME ASPECTS OF MYOGENESIS IN VITRO 449

1 sequence

layer cultures of embryomse chick muscle cells A

Cultured cells 2 days after plating present typeal fibroblast ke appearance (Calcrum
X

ribbon Bike’ eells that

formol fization Ehrlich s

have formed 1n 6 sister culture (of A) sncubated for 2 additional days Note the wmereased
. the cells and the degree of croudmg of thesr
nucles (Fusation staung and magnification as m A) C Cross striated myofibnls
o o mulimucleated muscle cell w 7 doy old eulture (Polars ng optics X 400) D
Myofibrillar pattern wn o glycerol extracted 10 day old culture (Phase contrast opfics
% 400 ) E Distribution of reduced tetrazolwum (Nitro BT) using DPN Hasa subsfratz
wn a multinuclear muscle cell of an 8 day culture The regular pastern of deposto
mimecs the localization of mtochondno adacent to the Ibands Note the central row
of mucles visual ed by the absence of diforma an granules (Fresh tissue 15 m "
1 b n cold calewum formol X 400 ) "

mation oceurs between the third and fourth
day of culture In addition to their multy
nuclearity 2 other cvtologic features dis-
tingmsh the primtive mausele cells from the
mononucleated cells 1 culture at this time

1 The cytoplasm of the multmuclear cell
15 extremely basophilic Similar mereases
basophiha of myotubes (multmuclear muscle
cells with centrally located nucler often con

C fat  VIm YUV A gust 1951

tiguous) have been observed in vive
0 and de

onstrated to be due to the accumulahonemf
ribonucleic amad 3 # °

2 The presence of large numbers of mito
Lhonsdna 1 the eytoplasm of the multmuelear
cell 3 can be demonstrated histocherucall b;
tetrazoliam reduction using erther succmze y'
DPN H or TPM H as a substrate Although
reduced tetrazolium can be localized 1n mongo
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Sesndagardhauc plot of the accumulation of
deoxyribonuclese acd (DN 1) open arcles and
protem natrogen (PN) dosed circles, per culture
PN ralues are diaded by a constant factor (10)
to permit nisual companson of slopes

nucleated eclls 1t 15 extremely sparse exeept
m the macrophages

Sometime between the seventh nd tenth
day of culture spontaneous coutractions of
the multinuclear cells can be observed Spon
taneous contraction of sheletal muscle cells
m cultore was first deseribed by Lewis 7

Although eross striation 1> not strikingly
apparept using routme hematoxylin stamng
or phase contrast microseopy the pattern can
be clearly observed with polarizing optics or
under phase contrast mieroseopy after extrac
tion of the cultures with cold 50 per cent
glycerol Glycerol extraction permits detec
tion of cross-striations between the sixth to
seventh dav of culture Although at first the
pattern can be observed m only short lengths
of a few cells with time the extent of the
pattern and the number of cells 1 which 1t
can be observed ncrease Under polarized

LONIGSBERG

Table 1
Distribution of Nucles per Cell mn Cell Suspen
sions Prepared from 12 Day Embryome Chick
Leg Muscle

N mwb ofnecllip el

T tal—all

[ Tw _ Three Fou  clanes
12 ] 4 1 01
9. 11 1 0 104
131 3. 4 1 168
181 3 - 1 219
Totals 5:6 10 11 3 69.

o 832 14 16 04

light longitudinal birefringcnt fibrils can be
detected even before cross striation can be
observed Simular fibrils are observed 1o
hematoxyhn stamed preparations As Haltzer
has pomnted out 1t 15 difficult to know whether
such fibris are in fact unstriated or have 2
striated pattern below the limits of resolution
of the techmies employed @

The cross striated pattern 1s demonstrable
by still a third technie The mitochondma of
striated musele are arranged adjacent to a
particular bard (I band 1n skeletal muscle
Aband m cardiac muscle) ° When lusto
chemical tests for either DI'N H or TPN H-
cytochrome ¢ reductases are applied the di
formazan deposits are found adjacent to the
1 bands as with adult muscle ?3° registering
the pattern of cross striations by the localiza
tion of mitochondria (see fig 2)

The progressn e nature and degree of differ
entiation observed in these cultures indscate
that dispersed cell culturing per se 1s not
necessartly wmcompatible with differentiation
When such incompatibiltty 1s observed, any
of several possible factors may be responsible
Among these are (1) eohanced diffusion
eoupled with an in1deqnate medium (2) un
restricted proliferation that might lead to di
ution of a desclopmentally sigmificant cellular
component (3) haryotypie changes and (4)
overgrowth by an altered eéll or one of dif
ferent competence (1¢ fibroblast)

Excesstve cell prohiferation whatever the
ultimate mechanism has frequently been mm
plicated 1n the loss either permanent or tran
aitory of differentratine expression Aun as-

Cettn Vim YXIV A g t 0l
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sumed antagomism between proliferation and
differentiation has long received theoretical
attentton at least from developmental biolo

gists Indeed one of the characteristies of
organ culture that 1s commonly employed to
study differentiation 1s reduced proliferation
An examination of the parameters of cul
ture growth was undertahen to evaluate the
v of such an 1 the sys

tem under exammation

Biochemical Parameters of Culture Growth

Overall proliferation has been measured by
the daxly merement of DNA per culture As
an mdex of cell size as well as cell mumber
the protein nitrogen (PN) content of cultures
has been followed The relative growth rate*
of DNA (00416) agrees well with the maxi
mum rate reported by Harrs®! for the n
erease 1m cell number of embryome skeletal

303 (log N —log N )
FEw o

C ltem VIw XXIV A gut 1981

451
e o e e eee R
7 Y
4
n//z"l ~ /Z,; ™
b N e r
y/-::'\ f»«t"'"?v“
el <
7 oy a e A
-7 S -
PN VR
5 ¢ D -
/3: . =
2,@) L
Tigure 4

Photomicrographs of replicate mucrodrop cultures
groun n 5 muroliter drops of medmm plated
under parafin o (Fured w acetic Heohol (1 3)
stamed with Ehrlichs hematoxyln ) A Culture
fized 24 hours after plating (X 30) B Culture
fized 18 hours after plating Large multunuclear
cell areas stan more darkly (X 20 ) C Culture
fized ™. hours after plating Throujhout this
eries there has been an obuion increase wn cell
number as well as wn the area occupred by mulls
nuclear cell ma sey (X 30) D Enlargement of
an area of culture C Note the groups of con
tiguous nuclev and the uell defined boundary of
the multnuclear cell Arrou ndicates ny leus
of supermposed mononuclear cell (X 185 )

muscle cells despite the differences media
and techmes nsed Figure 31sa semilogarith
mie plot of DNA and PN changes per culture
for the first 5 days of the culture period start
mg from an wnoenlum of 5 X 10 cells Log
arithme 1nerease of both DNA and PN oecurs
for the first 3 days PN accumulates durin,
this pertod at a slower rate than DNA the
relative growth rates bemng 00416 for DNA
and 00248 for PN Whether the resultant
decrease n PN per DNA 1ndicates a progres
s1ve decrease 1 cell size or dufferential growth
of the various cell tvpes m the culture popu
lation 13 not known

With an 1nrtral moculum of 5 X 105 eells
a break occurs m the rate of aceumulaton of
both DNA and PN between the third ang
fourth day of eulture The appearance of
multinuelear ribbons immediately precedes
this break After the breal DNA and PV

continue to accumnulate but at a much slower
rate
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Figure §
Senmdogarithmc plot of nuclear number with time
sn the total population open circle and wn syn
cytal masses closed circle

These results extend the quilitative obser
vation that an 1nerease 1n cell number oecurs
during the 1mitial peried of eultrvation Thes
mdicate moreover, that during this period
prohferation 1s raprd the population doubling
every 24 hours Although a break in the rate
of accumulation of both DNA and PN 1 tem
porally assoctated with the period of multi
nuclear cell formation any attempt at pres
ent to assess the extent to which these events
are causally related would be premature

These data are an mdieatton of overall
growth however they do not of course per
mt a distinetion between the contributions
made by the various cell types in heterologous
populations such as these

Nuclear Counts
Nuclear counts were made m order to com
pare the rate of development of multinuclean
ty with the rate of cell proliferation Reduc
t1on of the population size to magnitudes that
would permit counting of nueler was achieved

KONIGSBLRG

by depositing measured microdrops (5 pls
solumes) of cell suspenston on coverships sub-
merged under parafiic o1l  Paraffin o1l has
been emplosed suecessfully 1 microdissection
to prevent evaporation of the medium while
permitting gas exchan,e?

At 24 hour intervals after depositing the
meerodrops cultures were fixed stuned and
counted I1igure 4 consists of photomicro
graphs of such cultures fised at 24 48 and
72 hours after plating Grossly 1t 1s apparent
that the population has mereased throughout
the period and that the area occupred by mul
tinuelear ecells (dark stamming cytoplasm) has
mereased at least between the first and second
day Tdentification of syncytral nucler 15 fa
wlitated by the fact that the majority of the
nuclet within syney tia are at this stage con
tiguous  Additional criteris are the marked
basophilia of the cytoplasm of the multinu
clear cells and the more regular spherical
shape of syncytral nucler The oceasional

of a r cell over
a multmuclear cell can be readily detected
by differences in focal plane as well as by tra
mg cell boundaries (see arrow fig 4)

Tn figure 5 values for syncytial and total nu
clear counts are plotted semilogarithmically
Both sets of data have been plotted smmlarly
for purposes of ecomparison The assumption
13 made that the increase m nuclear number
1s an exponential function an assumption
probably applicable to mononucleated cells on
theoretical grounds but of perhaps dubious
vahdity with respeet to multinucleated cells

The relative growth rate of the total nuclear
population (0 0393) 18 1n good agreement with
the relative rate of DNA accumulation
(00416) The growth rate of syncy tial nucler
however 1s twice (22X ) the rite of increase
of the total population If the assumption
were made that multinuclear cells represent
a diserete and separate population of cells 1n
which inerease 1o nuclear number 15 the re
snlt of nuclear replicatton mn situ the differ
ence 1n rates of merease of the 2 nuclear popu
lations would become greater still

If we consider mereases 1 mononucieated

€ wltom Vim XXIT A gust 1961
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Tigure 6

Deozyribonuclesc acd per culture expressed as
percentages of the control level (C ) at the time
of treatment wsth mirogen mustard Control
closed csrele 0.52 X 107 M open circle 156
X 107 M closed trangle 26 X 1077 Y open
triangle 5. X 10 7 U closed square

cells alone a relative growth rate of 00197
1s found which 1s less than one fifth of the
rate of merease 1 syncytial nueler

Nuclear eounts demonstrate 1n addition
that at some stage nuclear diviston has oc
curred 1n the population of prospective myo
genic cells Figure 5 indicates that by the
third day of mierodrop eulture the number
of syneytial nueler 1s almost twice the total
number of nucler present at 24 hours Even
assuming that all of the nuclel present at 24
hours are of myogenic cells an assumption
not supported by the multiplicaty of cell types
observed 1n culture this 1s a elear indication
of prohferative activrty on the part of the
myogenie elements

On the evidence currently available 1t seems
most likely that this proliferation occurred
before ihe myogenme cells became multinu
clear
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TFrigure 7
Spectfic actiaty of DA thymine m control (C)
and mitrogen mustard-treated (156 X 107 1)
cultures (FIN2) during the perwod from 20 to
26 hours after trentment

)

Mitotie figures are rarely 1f ever observed
1n multinuelear muscle eells ! In the extensive
cultured material used 1n these studies they
bave never been observed This fact has led
to the postulation of 2 alternative mechanisms
to explain the development of multinuelearity
Omne view holds that nuclear Teplication does
oweur but bv a process of direct sphtting of
the nuclet Support for this hypotheu: bt
based largely upon the interpretation Placed
on cytologic preparations Various deforma
tions of syncytial nuclex have been deseribed
that suggest 1neipient or recent sphtting 332
Alternatively it has been postulated that mn]
tinuclearity results from suceessive fusion of
mononucleated cells 3 25 38 37

The Dissociation of DNA Synthesis
1r
Development of Multmncleantyom e
1f multinudlearaty 1s a produet of nucle:
replication 1t would be reasonable -

t
the imvolsement of DNA synthests 1t oo

If drision
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Tigure 8
Photomicrographs of hiing cnltures on 3 sucee sue daus following treatment with

the hghest

a entration (5. X 107 M) of witrogen mustard snrestigated \ Control

culture at the timé of applicate n of iirogen mustard to the experiwental group
AUultinnclear cell formation has heen ymtiated (note relahrely amall multinuclear cell)
B Culture 2f hours after treatment with mitrogen mustard Mubtanuclear cell formation

has ! g typical

d broad ribbon lke cells C MMustard treated

culture 48 hours after treatment By this time a marked decrease sn the number of
mononucleated cellé has occurred No such loss of mononucleated cells occurs n
control cultures Yole darh prewwmably mecrotic crenated cells D Mustard treated
culture "2 hours after treatment The culture 12 primanly o network of multinuclear
cells 1ath bare wnterstices normally occupied by 1iononucleated cells

occurred without DNA synthesss the distry
bution of salues for DNA per nudleus withm
muscle cells should be werghted toward yalues
lower than the diploid value However the
data of Lash et al indicate that no such
shewness exists ¥

To test independently the premse that mul
tinueleirity 15 a product of nuelcrr repliey
tion an hibitor of DNA svnthesis mtrogen
mustard [methyl bis(beta chlorethy Hamme)
was employed 13 Solutrons of nitrogen mus
tard@ were applied to cultures prior to mas

stie tormation of multinuclear cells The
effeets of the whibitor on DA A accumulation
and the mcorporation of C' formate into
DNA thymine are graphed mn figures 6 wnd 7
respeetnely DN A accumulation 1s profonnd
Iy affected even at the lowest dosige tested
and the rate of meorporation mnto DNA thv
mimne 1s reduced to less than 15 per cent of the
control level by thrs treatment
Despat,, these profound effects on DNA svn

thesis treatment with even the lighest con
centration of mitrogen mustard used {52 X

Coollt  Tlum YAN A g t 1961
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Figure 9

Control and mitrogen mustard—ireated cultures of cell suspem wns concentrated and
replated 24 hours after treatment (156 X 107 A} Cultures uere fixed tn 10 per
ent neutral formalin and staned with Harris hematoayln 24 hours after replating
A Control culture m which multinuclear cell formation has occurred (X 210) B
Culture of mirogen mustard-treated cells Despite treatment multinuclear cell forma
tion has occurred (hmear arrangement of mucles v more basophilic cytoplasm) The
guant nu les of treated mononuclear cells can be seen betueen the multnuclear cells
whose nucley are closer m st ¢ to the nucles of control cultures (X 210) C Control
culture at higher magnsfication Note the relatiely umform s ¢ of the plural mucles
wn the multmuclear cell (X 495) D Multunuclear cell of treated culture at hugher
magnification Muclear s e 1s more varable than wn the control multinuclear cell (C}
Arrow. wdicates the presence of nuclear fragments or micronucles (X 49 )

107 M) did not inhibat the development of treatment In these experiments the attan

multimuclearsty (fig 8) Crossly there did ment of multinuclearity durmg the 24 hour
not appear to be any fewer multmuclear meubation perrod after mustard treatment

ribbons  in mitro_en mustard-treated cul was circumtented by using sparsely seeded
tures The mediation of any lag in the effect cultures To test the eapaeity to form multy
of mtrogen mustard was ruled out by testing nuclear cells these cultures were then trypsin
the abihty of treated cells to form mult 1zed the cell suspension concentrated ang
nuelear mvotubes during the second day after denser cultures set up 1 smaller Vessely

C Wton VImeXXIV 4 gust 1981
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Again  nitroger mustard trentment did not
prevent the development of multimuclearity
(fig 8) Cjytologically the mitrogen mustard-
treated eultures present further ewvidence
which su,gests that the nueler of the mults
nuclear cells are normally nonprolifcrative

Inlus ploneering stuilies on the developmen
tal effects of mitrogen mustard Bodenstein
demonstrated that extreme nucleir ealarge
ment and giant cell formation were common
Iy observed after mustard treatment 3% 39
The effects oceurred only in those cells that
would normally have been described as pro
hferative This was most clear cut 1n the case
of the eve of the amphilran larva where a
sharp demarcation exists between the pro
liferative zone and the zone of postmitotic
differentiating cells

A similar situation exsts in nitrogen mus
tard-treated muscle cnltures Here the cells
that exhibit marked nuclear enlargement are
the mononucleated fibroblast Ithe  cells The
nueler of the multinuclear cells that form after
treatment are closer to normal size However
the effect of nitrogen mustard treatment 1s
evident 1n these nucler also by virtue of the
wider variation m nuclear size than is nor
mally seen (eompare figs 9C and 9D) and
the presence n both cell types of nuclear frag
ments or micronucle:

The analogy suggested 1s that the fibro
blast hke cells correspond to the cells of
the proliferative zone in Bodenstemn s work,
while the multiauclear cells correspond to the
postmitotic differentiating eells

The tesults of the studies with nitrogen
mustard dicate that nuclear prohferation
plays no sigmificant role m the development
of multwuclearity m the system under study
and are compatible with the conclusions drawn
from studies representimg a varrety of tp
proaches

Thus microspectrophotometric analysis of
regenerating mouse muscle mdicates an essen
trally unimodal (diploxd) distribution curve
of DNA per pucleus 1n regeneratin, myo-
tubes @ Myoblast fusion has been observed*®
gnd recorded micracimematographieally, 1

KONIGSBERG

It has also been reported that interordinal
chimera form in mixed eultures of mouse and
chiek myoblasts 42
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Differentiation of the Atrioventricular Conducting
System of the Heart
By Roserr I, DEHaax PriD

The structure and function of the atrioveutnicultr cotductmg  stem of the heart and its
relationship to the myocardium arc exymined from n desiloj ments] powt of view Op the
bass of mformation lerive 1 from electron micrograplie elictrop hvwiologie an1 developmental
studies of heart ti sue 1t is eoncluded that (1) The 1lea of the svmevhal mature of the
heart tueks 2 sound anatonue bams (2) Crtodifferentittion Turing embrome cardiogenesis
rosults m the development of at least © distinct populations of cells those comprmng the
hulk of tle mvocardmm anl n s conl tvpe the sjecializel eclis of tle conductive tissue
which differs wn histology biochemistry and physiology (3) The eommon view of the myo
cardium as 7 spontaneously “etive tissue may require revision snce everal hines of emdence
appear to dicate that mvocardil cells are quic cent until stimuhtel by an extnnme

source Unler normal cireumstanced this stimulus souree 13 the conduetive tissue

HE DEVELOPMFNTAL phy siolomst 15
mtercsted not only n the changing func
tions and interrelationships of organs and
tissues mn the embryo he 1s also concerned
with the appheation of information and con
eepts obtuned from the fields of developmen
t11 hiology to problems of adult physiology
The problem of the structure and function
of the atrioventricular conducting system of
the heart 15 particularly interesting when ex
ammed from a developmental pomnt of view
In the early embrionic heart the endo
eardium and epieardium are separated by a
tluek gelatinous laver the cardine jelly !

Distributed through this matrix are hy

mg this position usually note that thes
properties are  embryome n character
Thus the second possthility 18 ymphed that
the two tissues are basicallh similar during
embryogenesrs differentiating along the same
route but 4t different rates At any mven
stage of development the conductive system
should then be less hughly differentiated than
the surrounding myvocardium but should not
exlubit any qualitatively  Aifferent charace
teristies

We find ourselves concerned then with the
degree of difference between myocardium and
conductive tissme Are fibers of these two
types cha: d by dntinet histelogie

mal cardiac myoblasts from which the hnlL
of the myocardium and presumably the con
ductive tissue will form  As the mioblasts
begin to differentinte taking on the chirae
teristies tvpieal of leart muscle the conduet
g tissne becomes progressively more easily
distingwishable  This divergenee may be m
terpreted 1n two ways One 1s that 1t results
from the srmultaneous development of the
conductive system and myocardium along dis
smmilar paths of differentiation It 1s often
stated however that conductive tissue 1s only
“‘specralized myoecardium 1 which certam
properties for example conductivity and
spontaneity are exaggerated? Authors tak

From the Department of Embrvology Carnegie
of Maryland

evtologie and biochemical properties? Do
such differences underlie cler cut physiologic
differences of more than 1 quantitatine na
ture? Do myocardiil and conductine fibers
n fact constrtute two different tissues?

T shall examine these questions by drawing
upon the literature concerning the physiology
and development of the heart of various
mammals and of the chiel embryo Numer
ous 1nvestrgators have noted the basie similan
ties m eardrac development of these forms

Histodifferentiation
During the early period of cardiogenesis
curvature and differential growth change the
heart from a primitive straight tube to a
complex S shaped organ i which the four
adult chambers are clearly represented (fig

C ulatow Vol m XXIV A g t 1981



DIFFERENTIATION OF THE A V CONDUCTING SYSTEM

1} The beat 13 mtiated at the posterior end
of the heart As the primordial atrioventrien
lar (AV) atral and smoatmal (S A) re
grons progressively form each of them in
turn takes over the pacemaker function 1n
1tratng the beat for the entire heart At these
early stages the primordral atrial and ven
tricular muscle are m direct continnity around
the entire circumference of the A V canal
A stimulus armsing 1 the smoatrial region
should be able to spread throughout the heart
freely to all areas That this 15 true has been
demonstrated by Patten® who eut away all of
the tissne around the AV canal of a 4 dav
chich heart except for a narrow comnecting
strand (fig 2) * This strand then served as
an  artificial bundle to conduct the smo
atrial rhythm to the ventricles THe found
that 1t made no difference whether the con
necting strand was left at the site where the
normal bundle would later develop (marked
with an asterish 1 fi, 2) or whether the
strand was left on the opposite wall of the
heart

Durmg the fifth and sixth weeks of human
development endocardial and epicardial con
nectine tissue gradnally encroaches on the
mvoeardmmm at the AV suleus and mvades
this connecting zome The separation of the
atrta and ventrcles s d
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Early stages wn carditc morphogenens In the
chi b the stages sllustrated woull be at about
(1) 36 hours (B) 46 hours (C) 52 hours (D)
6. hours and (E) 3Y, to 4 days Equialent stages
would owcur during the first 4 weeks of develop
ment wn the human At (T and R) left and right
atrium Ao ventral gortic voot AVC atrio
1entricular constry fion Con  conus artersosus

V€ conoientrs ular constriction End endo
cardal tube IF¥ G nterientrenlar groove
OMY omphalomesenteric ven My cut edge

y
all the way around the suleus as the primor
dial fibrous skeleton of the heart 1s formed
However early mn the sixth week of develop
ment {9 to 10 mm buman embryo) a com
pact eluster of cells makes 1ts appearance
1n the postertor wall of the A V canal toward
1ts might side* This 15 the AV node 1n cel
lular continmity with the atrial muscle above
and narrowing into the AV bundle below
The bundle runs across the top of the thich
nterventricular septum behizd and under
the dorsal endocardial cushion (fig 3t) At
this stage relatively little cytologie drfferen
tiation has yet oceurred m either the node or

Fgure reprolu ed from Patten Unv M ch
gn N Bul 1 1956 By permusson of the
M etugan Umversity Med cal Bulletin

IF gure 3 reproduced from Walls J Anat 81
93 1947 By perm ssion of the Journal of Azatomv

C watem VIm XXIV A gut 1901

o Y wentricle (Redraws
Patten $2) n from

bundle The buudle of course 15 not 1
vaded by the encroaching connective tissue
and remams as the single fascicle of conduet
g fibers conneeting the atria and ventrreles
Within a week or 2 the bundle branches
arise and the mode and bundle become
clearly distinguishable from the surrounding
myocardium as pale staimng meshworks oz
cells with rounded nuele; contaming secat
tered and poorly striated myofibrillae (fig
4)  As thev approach the apex of the hear:
both the left and right bundle branches ram
1fy 1nto progressively smaller groups of fibers
with much 1terlacing and anastomosts 3 ¢
The cells of the branches proxmmally  ar,
sumilar histologieally to those of the buudle
atself which mn turn resemble nodal eells A:
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Figure 2
Heart of a 4 day chich embryo dissected to leave
a connecting muscle strand betwceen atrium and
tentricle simulating an ectopic AV bundle A
Dorsal vieu of heart with diagonal hatching snds
cating the tissue to be remored B Same heart
after dissection (From Patten’)

the branches ramafy distally they become
swollen and watery  exlubiting a central
Juxtanuelear hyaline space peripheral poorly
formed myofibrils and scattered mitochon
dria that 15 they become typieal Purhinje
fibers (fig §5) In the human embryo such
fibers do not appear until rather late prob
ably between the tenth and fifteenth week
of development (60 to 100 mm }* 7 Howeter
by the end of the fetal period a complex
mterlacing bashetwork of specralized fibers
wsades all parts of the ventricular muscula
ture A reconstruction of the entwre ventrie
ular condueting system s shown in figure 6
which 1s a retouched photograph of a model
made by Lydia DeWitt& It shows the AV
node bundle branches and the major rami
fications The fire termunal’ Purkine
fibers are not shown (Throughout this
paper the tissue comprising the S A and
AV npodes the bundle branches and Pur
lange fibers will be referred to as ‘conductre
tissue ’%)

The eonsequence of all this embrvomie his
todifferentiation 1s the presence of two readily
distmgumshable types of fibers mn the adult
heart of most mammals and birds Some of
thesr respective properties are summarized
mn table 1 which compares certamn histo
chemical and cytologic properties of typical
myocardial conductive and embryonic heart
cells

In spite of therr mamifest differences, we
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should remember that many similarities also
exist between myocardium and conductive
tissue  Both types of fibers exinbit inter
calated dises, striated myofibrils sarcosomes
and other evtoplasmie mclusions characterss
tic of muscle Both contamn antigemc com
bining groups of cardiae myosn2' More
over, 1t 1s now generally aceepted thit they
are also physiologically similar, in that all
lLeart tissue 1s characterized by the 3 fume
tronal properties contractiity conductivity
and spontaneity Let me quote from 2 repre-
scntative sources on this matter  In a recent
paper on the ¢ Micrownatomy of Musele
Walls® states that
“¢Cardiac muscle tissue is found only in the heart
and purrounding the mouths of the great vewns
which enter it In gome ways if resembles both
voluntary and smooth muscle yet in ats rhythmc
unceasing nctavity from early embryomie hfe nntil
death 1t stands alone (p 5.)
And 1z his chapter mn Fulton s Physiology,
Nahum calls our attention to the fact
that all parts of the muosculrture of the leart
are nherently eapable of autogerie rhythmie dis
charge and that the normal sequence of excitatron
18 made possible ouly because the sinoatnal mode
possesses this capaesty m a higher degree than
any other region (p 6
Thus we are told that the properties of
cardiac musecle distingmsh 1t clearly from
other tvpes of muscle and also that beart
muscle consists of a basically homegeneous
population of fibers all having essentially
the same properties showing only certain
minor differences 1 degree m different
reglons
The 1dea of the heart as a syneytium of
fibers 1n cytoplasme continuity tends to fos
ter this concept of homogeneity

Cellular versus Syncytial Structure

Early histologists considered heart muscle
as cellular n structure and interpreted the
ed dises as tional zones of ap

posed cell membranes staimug heawly as a
result of ntercellular cement substance For
example Eberth 3 to whom the first detaled
description of the mntercalated dise 1s usually
attributed mn 1866 regarded the dises as mn
tercellular structures not only on the basis
Vol m XXIV A gwat 1981
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Table 1
Properties of Adult Myocardwum Conduction Tsssur and Embryomc Heart

o
My & ofF mx Referen es
Cvtology
Myofibrily
Well formed densely regularly packed + - ~ 91011 1° 1314
Heavy parallel stniations + - 910 11 19 13 14 15
Run parallel to cell ams 4+ ~ ~ 910111 131415
Prodromal striat on pattern - + + 9
Cytoplasme wnclusions
Loose non stnated filaments - 4+ + 911111214
Well formed granular endoplasmic retic + - — 910111
Mitochondra few and juxtanuclear — 4+ 1 210111° 1415
Rows or clusters of Palade granules - + 4+ 91114
Numerous glyeogen granules - + 4+ @1 151617
Interealated d sos
Interdpitating and eomplex + - — 8131
Histology
Stain heawly with
Hematoxylm eosin + - - B
Silver impregnation + - %+ a7
Iron hematoxyl n + - - 1
Mallory tnchrome + ~ 1t 18
Glycogen Sehiff reaction - + 4+ 161719
Masson s trichrome brick red or purplegray BR PGt 17 0o

of therr histologi. appearance and their
strong reaction with silver mitrate (hnown to
stam cell membranes) but also because of
the tendency of macerated heart muscle to
fragment along the mtercalated dises Later
Ranvier * also deseritbed mammahan myo
cardium as being composed of individual
rhomboidal branching cell, with centrally
placed nuclel

It was not until after the turn of the
century that Heidenham? and Godlewshi*®
mdependently enunctated elearly the hypoth
ests that the heart was syneytial in nature
These workers felt that the dises represented
etther contraction artifacts or the sites of
sarcomere differentiation Perhaps the strong
est propoment of the syncytial nature of
adult myocardium was H E Jordarn who
over a period of a decade or more published
observations and strenuous arguments i sup
port of this 1dea®” ® (It 1s interesting to
note however that even Jordan was com
pelled to admit to the cellular structure of
Purlinje tissue and of embryome heart )

€ uote VIm XXV Ag !

The controversy over symeytium versus
cells recurred periodically 1 the literature
of the first half of this century as some
microseopists continued to make observations
corroborating the earlier cell view * How
ever most investigators during this period
gradually tended to accept the syncytial
hypothests and even extended 1t to the con
ductive tissue 30

Especially important 1 tlus trend toward
the 1dea of a cardiac syneytium were the early
demonstrations of the all or none’ response
of heart tissue by Bowditch 3t Woodworth 32
and others It was felt that this finding could
best be explaned on the basis of protoplasmic
contmmty between all cardiae fibers Duop
mg the last decade also confirmatory eleetro-
physiologic evidence has been obtamed In
1951 Curtis and Traviss? reported that bun
dles of Purkinye fibers 1n the false tendon of
the ox heart responded to electrie stimulation
w an all or none manmer that 15 the de
marcation potential measured between th
cut end and the surface remamed at cnne
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Figure 3
Section through the heart of
a 10 mm human embryo
Left The bundle (1} B)
may be scen ansing from the
LV wode and pa ang mto
the ba e of the dorsal endo

Sy
3
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stant amplitude with varying strengths of
suprathreshold stimulr  Thus the fibers ap
peared to behave syncytially This was
further supported by measurements of spe
eific core resistance of Purkinje fibers by
Werdmann 3¢ He showed that although the
resistance of the cylmdrical membrane sur
rounding a fiber was of the same order as
that of muscle or nerse the core resistance
{(1e the longitudinal internal resistance)
was not appreciably higher than that of the
sarcoplasm  He concluded that the mter
calated discs do not form a sigmficant bar
rier to lome mosement along the length of
the fiber

In spite of the evidence of homogeneity
(and even 1identity) of all fibers Thomas
Lewis (1920) after some 20 years of pio
neermg work 1n cirdiac electrophysiolog;
proposed s law of cardiac muscle 33 In
this statement he noted that there are dif
ferent hinds of heart cells those character
w»tic of mvoeardium and typical Purkmnje
fibers Because of the prevailing opinions this
1dea was not strongly favored and few refer
ences to 1t appear in recent decades

In the last few years, however since elec
tron microscopy has been applied to this

earditl cushion Right Con
tinuation of the bundle down
the left side of the inter
tentricular  eptum P=nrght
smus valve  I=left sinus
alre, € S =ect ronary sinus
S Pr= eptum promum D=
dorsal endocardial  cushion
(Hemttoxylin eo n stam X
30 ) (From Walls$)

that the intercalated disc does consist of a
pair of apposed cell membranes covered with
densely stamng granules The myofibrils
do not cross the intercalated dises nor 1s
there any other evidence for any hind of
protoplasmic continmity across the mem
branes Each elongate cell of a mjyocardial
fiber 15 consistently observed to be surrounded
by an mtact plasma membrane (for recent
review of evidence see 30) This 1s true m
both myocardrum and conductive tissue® 12
Moreover the pattern of development of the
mtercalated dises 1n eardiae myoblasts at
the sites where the myofibrils are 1nterrupted
by cell membranes also supports the idex of
a cellular structure !° !* Thus neither 1 the
embryo nor m the adult heart neither in
myocardium of cold blooded®® or warm

blooded vertebrates nor in nodal or conduc

tive tissue s there a satisfactory anatomie
basis for the notion of syneytial strueture

A Functional Syncytinm?

The studtes of Curtis and Travis?®® and of
W erdmann® noted above led to the use of the
concept of heart tissue as a *‘functional syn
eytium By this 1t 1s umplied that even
though cardiac fibers do not 1r fact exhibit

lasmic v under certamn con

problem, 1t has been shown rep dly and
without exeeption that the 1dea of a cardiac
syneytium lacks a sound anatomre basis
Perhaps a dozen electron meroscopists using
ever more sophisticated techmies have found

dittons they behave as if they did  For es
ample m small cultured fragments (o0 to
100 microns m diameter) of embryonic heart
tissue the membrane effects of a polarizing

C ulaton V1me WP 1g ¢if01
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current apphed through one of a pair of
tracellular microelectrodes can be recorded
m any cell of the fragment even when the re
cording electrode 15 as much as 100 mrerons
trom that used for stimulation and vistble
cell boundaries separate the two 3% Moreover
synchropous and identical diastolic depolary
zation and action potentials can be recorded
from all cells of such a spontanecusly beating
clump

However other physiolo,ic evidence 1s ac
cumulating which sucgests that mdividual
cells or at least small rezions of cardiac
tissue are capable of separate actmity 1n
dependent of neighboring cells or regwons
Embryonic heart for example can be disag
gregated with trypsin into small cell clusters
from which transmembrane resting and ac
tion potentials can be recorded Such re
cordmgs are symilar 10 all respects to those
obtamable from cells i the mtact heart ®
Thus the electrical actrvity of these cells 15
clearly unaffected by cellular dissociation
Moreover 1n the cooled adult mammalian
heart!® or frog heart perfused with hy per
tonie Ringer sucrose solution ** 3t 15 posstble
to record spontaneous aetion potentials from
one fiber while a nerghbormg fiber 18 com
pletely quiescent or fires at a ufferent rate
Similarls Cervomi West and Falh* record
g mtracellularly from rabbit atral prepara
tions found that when such a preparation
was stimulated at 7 to 8 beats/sec atruil
cells responded to every stimulus while near
bv cells from the 8 A node responded only to
every other stimulus At a tmme when 1
nodal cell was still 1n its refractory period
a neighboring atrial cell was fully repolarized
and capable of firmg

Thus the weight of anatomi evidence ap
pears to support the concept of the heart as
a population of discrete eells separated trins
versely by mtercalated dises Whatever the
normal mechamsm of transmission of the 1m
pulse across the dises phystologie studies
show that such transmission can readidv be
disturbed with the result that the indnadusl
cells or contractile umts can exhibit ther
independent pature The histologie datTer

€ latom Vol m XX/} A gust Ig61
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Figure 4
Cross section of the 4V tunlle (B) and root
of the right bundle branch (RB) in the crest of
the snterventricular septum (IV5) of a ™ das
chich embryo heart (Phosphotungstic aeid hema
toxytin X 00)

entiatron deseribed above would further sug
gest that there are at least two distinet eell
types that making up the bulk of the myo
cardium and a elearly different perhaps
more embryome type which constitutes the
conductive system  (Space does not permut
mention here of the evidence for intermediate
types ® %) It 1s evident that processes of
cell differentiation leading to such histologie
differences must be based wpon changes Bat
the biochemical level Is there then anv ew
dence of biochemeal or physiologie differen
tiation between myocardial and conductive
cells?
Biochermical Differentiation

Quantitative brockemieal differences be
tween myocardial and conductive cells are
many (see Schiebler 17 for revien) For ex
ample conductive tissue contans more cho
line acetylase than does myocardmm 4 4
Healthy adult myocardium 15 quite low m
glycogen ** whereas the rich concentration of
glycogen 1 eonductive tissue has been noted,
repeatedly’? and can even be seen with m
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Tigure 5
Subendocardial Purkinge cells (P} compared with
myocardum (M) n a newly hatched chich
embryo heart (I hosphotungstic aerd hematorylm
X 400)

travital stunmg m the hving heart* Its
abundant supply of glycogen would sug,est
that conduetive tisue might be Iughly de
pendent on gly colytic metabolism perhaps mn
Lien of & strong oxidative cycle This idea
1s supported hy the findin, that conduetive
tissue has a much lewer suecinie dehydro
genase activity than does myoeardram and
has a total oxygen comsumption rate only
one fifth as great It s also resistant to
cyamde and to anoxia ¥*

There are 2 enzymes or enzyme syStems
n conductive tissue that appear to be qualita
twely absent from myocardium m  most
specres (It ts recognized that such a elaim
based vpos pegative enidence 1s vahd onmly
within the limits of presently available tech
nies) Although nonspecafic cholinesterases
are abundant in all heart cells Mommaerts
et 8l 4 were able to characterize an enzvme
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from the AV bundle and bundle branches
of beef heart as a speufic cholimesterase
aimilar to that characteristic of nervous tis
sue  More recently Carbonell® confirmed
this and lacalized the enzy me histocheneally
to cells of the conduction system in hearts
of the human dog ent, guner pig rabat
rat sheep and cow Only in the rabbit were
equivocal results obtamed 1n which seattered
cells in the myocrrdium extabited estera e
actraty that was nonspeaific m ats substrate
specifierty but was inhibtted by eserme (1 of
the enteria for speeific cholinesterases) In
the ather species mentioned specific cholin
esterase was limited to cells of the conduction
sistem (fig 7*)

The second enzvmnitic actnity seen exclu
snvely 10 conductive tissue 15 that responstble
for 1 phenomenon termed ‘aberrant hpo
genesis and suggests a distinetnve fat
metabohism m this tissue Recently huwabara
and Cogan © have shown that Purlunge tis
sue can synthesize sudanophtlic fat when m
cubited 1n srrum supplemented by olere acad
a capzaty not shared by ordmnary cardiie
muscle This property depends upon the pres
ence of (1) an intracellular sulfhydr] requir
g enzyme system (2) serum and (3) olewe
artd or sedium oleate as a substrate Tt s
clear from their work that cells of the eon
ductine system exhubit this enzyme whereas
those of the my ocardium apparently do not

It 15 mmterestmg to note that many of the
brochemien) and metabohic charactensties dis
tingwshing conduetive tissue from myocard
jum are the same as those differentrating em
bryonte from adult heart Teart musele of
the early embryo 15 rich mn glycogen*® 1 and
highly rvesistant to amoxia® It s also lowan
suermowidase®™® and ¢ytochrome oxdase®*
activity and 1 relatively msensttive to cya
mde posomng 33 Conductive tissue 1s thus
distinetly  embryome ' mn sharing some of
the cytologie histochemical and biochemical
charactersties of primitite heart At the

Fagure 7 reproduced from Carbonell J Histochem
4 8 1956 By permisston of the author an} The
Wilhams & Wikus Co
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Tigure &
The atroventricular conduct
g system of the calf heart
retouched to clanfy s 3
dimenstonal aspects (Modi-
fied from DeWat?)

same time, however 1t shows definite signs of
having differentiated along an d

Mya tu®” measured the rate of conduction

path Qeveloping a distmetive morphology
and brochemistry with at least two enzymes
not shared with myocardium

Physiologic Differentiation

Does the physiology of myocardium and
conductive tissue show a similar pattern
that 13 do these 2 tissues exiibit some fune
tions that differ only in degree and others
that are totally restricted to 1 or the other?

One well known quantitive physiclogic dif
ference between myocardium and the con
duetive system 1s 1 conduchion veloeity
Since the observations of Erlanger® 1t has
been accepted that the conduction tissue 1s
capable of transmittmng an 1mpulse more rap
1dly than myocardial musele (with the ex
ception of certamn speeific areas as at the
atrionedal junctien) In 1959 Draper and

€ Iton Vim XXIV A gust 1361

through lized fibers 1n false tendons
and m the bundle branches at a velouty of
2 to 3 meters/second In contrast strips of
parallel myocardial fibers not contammme
Purkinge tissue were able to conduet th:
stimulus at a rate of only 05 to 06 meter/
second  Clearly this represents a differentia
tion of new membrane characteristics by the
specialized fibers to permit sueh rapid con
duction smee embryome mvocardium starts
out with 2 low conduction rate comparable
to that which 1< pparently retained by adult
myoeardial musele 58

A second difference between myocardral
and conducine cells 4t a physiolo e level
Ties 1n the configuration of their ar-n:n poten
tials  Intracellular recording from cells m
varwons parts of the conductive system re
veals action potentials that when compared
with those from myoeardial fibers haye 2
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distinzishable  Recently Meda and Fer
rom®! have been able to msert mtraceltular
clectrodes 1nto hearts of chick embrios onlv
2 few hours after initiition of the beat Even
it these early sties (see fig 1 A4 and B)
wlls showing a slow diastolic depolirization
were found m the S A re,ton while cells
w the ventricle showed steady resting poten
tials sumular to those from adult myocardium
(fig 8%) Thus embryonmic ventricular cells
even 1n the 13 somite chich embrye do not
originate their own beat but are strmulated
by eclls tn more posterior remons which are
acting as pacemal ers

This leads ns to the final physiologie
property that I <hould Itke to compare be
tween myocardium and conductive tissue  the
property of spontanerty or preemnher func
tion e have scen that n the embryome
heart ventricular cells do not imtrate there
own beat but are driven Dy other cells Tt
1s commonly accepted also that in the adult
heart the contraction stimulus arises m the
defimtive pieemiler the S A node and 1s
transmitted to all parts of the heart via the
fibers of the conduction system Yet as noted
carlier the 1det that all heart muscle 13
characterized by the property of spontaneity
seemns to pervade the thinking of most eardiac
physiologists and 1t is stated expletly m
textbooks and other reference sources Ew
denee gppers to be accumulating however
which suggests that the ability to generate
broelectry e the \

sue of the adult human heart A Sud
Purkmge fibers B AV bundle and left branch
(From Carbonell *}

low amphtude with hittle or no overshoot a
low msing veloeity of the upstrobe and long
duration with a rounded plateau In contrast
to the steady resting potential common to
myocardial fibers recordings from pacemaker
regions also show a characteristie slow dias-
tolic depolarization of 10 to 20 my *3 &
termed the prepotentinl ’ by Bozler % The
prepotential 1n association with pacemaher
actimty differentiates extremely early n
caridac development long before specialized
nodal or conduction twssue 1s histologreally

function mav not be a property common 1n
varymg degrees to all heart cells but may
be Limited exclusively to cells that differ
enttite 1nto some component of the conduc
tion  system  Msocardmm n  contrast
appears to be completely quiescent untid
stimulated by an extrinsic source n a man
ner analogous with sheletal muscle

It should be emphasized that & systematie
analysis of this problem has not been carrted
out and decisive experiments are few How
ever I should Iike to consider some of the

Figure 8 reproduced from Meda and Ferrom
Experientia 15 4. 1909 ™ By permusuion of Expers
entia
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relesant data In 1910 Erlanger® showed
that equal sized strips of cat atrium 1s0lated
m vitro may be spountaneous or not depend
mg on what regmion of the atmal tissue 1s
mcluded  Strips of the left atrium fre
quently remamed quiescent while similar
areas of right atrium or of left atrium con
nected to the interatrial septum usually
showed spoutaneous actisity We now Lnow
thit those areas which Erlanger found 1t
necessary to inelude in a strip 1f 1t was to
beat spontaneously are the regions from
which pacemaker prepotentials have been re
corded namely the interatrial septum the
erista termunalis the entrance of the su
perior vens cava and the S A ring bun
dle 13 68

Ewvidence that spontaneity 1s himited to a
portion of the cells of the heart arises also
from observations made on such cells m
tissue culture Cavanau h®* disaggregated 4
to 6 dav embryomie chil hearts She found
that 1mmedately after the cells attached to
the glass substratum only 9 per cent showed
spontaneons activity  Within the first day
or two after the cells had spread and estab
hshed extensive filopodial interconnections
the proportion pulsating rose to about 50
per cent  DMoreover as mtertonnections were
established 1 the culture vcells that had been
questent or beating independently could be
mfluenced by a dominant neighbor to con
tract 1 synchrony with 1t Other examples
of sueh pacemaker actinity by embryome
cells or heart fragments exist n the hitera
ture $ ¢ ® and Harary and Farley™ have
recently shown smular behavior on the part
of dissociated cells of young (nonembrjonie)
rat hearts Thus 1t seems reasonable to con
clude that in neither embryonic nor adult
heart 15 the majority of cells eapable of
spontaneous contraction It 15 recogmzed
howeiver that this conclusion may be pre
mature when applied to the embryo m wview
of the apparent lability of pacemaker func
tion 1n 1mmature myocardium  Cells m the
embryeme ventricle m situ do not show
pacemaker prepotentials 8 Howeser  cell
clusters from this tissue i culture beat

€ fton Vim XX 4 ti1s61
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D% sec

Figure 8
Action potentials vecorded from the heart of a
42 hour (13 somte) chuh embryo Top Electrode
inserted n the posterior end of the heart fube
s the presumptiie atral region mote the dias
toli, depolart ation of approzumately 10 mv
Bottom Electrode wserted i the primitie ven
trile note the greater amphitude and shorter
duration of these action potentials as measured
by the amphtude and time calibrations shoun
(From Meda and Ferrom 1)

spontaneously and do exhibit slow diastolie
depolarization®  Thus pacemaler activity
1 ventrienlar cells may be lost or suppressed
during development of the rmtact heart but
mey be regamed by at least some cells when
wolated and subjected to culture conditrons

In adult heart however spontaneity does
appear to reside exclusively 1n those cells
that have differentiated mto components of
the conduction system  Thig argument has
gamed substantial strength from the recent
observations of Draper and Mya tu 57 These
miestigators confirmed the findings of many
others®s by showmg that musele ships or papil
lary museles from varions mammalian hearts
mantamned 1n vitro are frequently not spon
taneously active However they also noted
that when such spontaneity 1s Qisplaved ¢

ean alwavs be traced to the Presence of
Purlanje tissue n the sample (p 107 )
For example 1n one group of 18 Tentricular
muscle shps 9 did not beat spontaneonsly
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yet all responded vagorously to external stim
ulation for many hours and showed normal
resting and action potentials These muscle
shps were serially sectioned for Instologic
examination  Those that had not beat spon
taneously showed no evidence of Purkmnje tis
sue while speciahized fibers were found in
all those that were actnne Thus we may
conclude that m adult heart, 1f conduetive
cells are present to nstiate an mmpulse (and
possthly a entical number 15 required), we
see spontaneous activity  Without these
cells the heart muscle though healthy and
completely responsive remams quiescent

Conclustons

When mformation cbtawed from studies
of the structural chemical and functional
properties of the A V conducting system of
the adult and embryonte heart 1s considered
different conclusions may be drawn than
those arrived at by a purely physiologie 2p
proach Though not yet firmly established by
dectsive exp these 1 ap
pear to be reasonable m view of the evidence
presented They may be stated as follows
(1) Cellular differentiation during embryonic
development of the heart leads to the pres
ence of 2 distinet populations of cells typ:
cal myocardial cells comprsing the bulk of
the musculature of the heart and the spe
cialized cells of the conductive tissue (2)
Although cells of the conductive system do
exhibit certain of the properties of embryonie
myocardium the two tissues i the adult
may be dist hed by ch and
upique properties at the hustologic Do
chemical and phystologic levels of investiga
tion (3) The differentiation of pacemaker
funetion occurs very early m cardiac de
velopment Within hours after mtiation of
the beat and perhaps earlier cells of the
ventricle do not origmnate thetr own beat but
are stimulated by other cells functioning as
pacemahers (4) In the adult heart mjo
cardial cells appear to be completely quies
cent until stimulated by an extrmsic source
Under normal circumstances this stumulus
source 15 a pacemaker eell (or cells) of the

DEHAAN

S A node, or some other part of the condue
tion Bystem
Acknowledgment

T should lLike to thank Mrs Ramee Danis Director
Department of Art as Applied to Medteine Johns
Hopkins Univermty for the use of her time and
talent 1n rendonng figure 6 Ongnal photographs
in this paper were made by Mr Richard D Gnll

References
1 Davis C L The development of the human
beart from its first appearance to the stage
found in embryos of twenty pared somites
Contr Embryol Carsegie Inst Wash Publ
380 19 245 19°7
Namum L H  Electrical correlates of the
cardiac cycle In A Textbook of Phyawology
Ed 17 Edited by J F Fulton Phladelphia
W B Saunders Co 1955 p 633
Partey B M The development of the sino
ventrcular conduction aystem Umy Michigan
M Bell 22 1 1956
Watre E W The development of the special
ized conducting tissue of the human beart
J Anat 81 93 1947
Rose J 8 The conducting tissue and cardiac
electrophymology Ann New York Aead Sc
65 818 19,7
Tevex R C Curey J L anp Suyras M Q
Visualsation of the Purkinje network of the
beef heart Anat Ree 118 723 1954
Banaprta T  Recherche sur la différenciation
du tissu nodal et connmecteur du coeur des
Msmmiferes Arch biol Pans 47 1 1936
Dewitr L M Observations on the suio ven
trrcular system of the
heart Anat Rec 3 475 1909
Cargaz, R Epwamps G A avp Rusgsa H
Electron of the impulse
system of the sheep heart Ztschr Zellforsch
48 638 1958
Hoss B G Electron microscopy of developing
cardiae muscle in chick embryos Am J Anat
99 17 1956
11 Moore, D H anp Rysxka I Electron mcro
scope study of mammahan carhac Tus le
cells J Biophys & Biochem Cytol 8 “61
1857
17 Mum A R Observations on the fine structure
of the Purkinje fibers an the ventmcles of the
sheep a heart J Apat 91 °51 1957
13 Mo, A R An electron microscope stady of
the embryology of the intercalated disc
the heart of the rabbit J Biophys & Biockem
Crtol 3 193, 1907

s

s

-~

o

L

®

©

1

=3

G E anp
The ultrastructure of the

FSs
Dewey M M
€ witem VimeXXIV Ag t131



"

i

DIFFERLCNTIATION OF THE AV CONDUCTING SYSTEM

ntercalated dises of frog mouse and puinea
g eardiac muscle J TUltrastructure Res 1
«T1 19

15 Lzv M The conductive system In Pathology
of the Heart. Edited by § E Gould Spnsg
field Ilnows Charles C Thomas 1960 p 13°

6 CHIQUOINE A D The distnibution of polysac
chandes during gastrulation and embryogenesis
1w the mouse embryo Anat Rec 19 405

1957
17 TH bid
wnd
telle T am
tem von Huf und Nagetieren Ztschr Zell
forsch 43 243 195

8 Roee J 8 Kavror C T anp TURMAN W G
A study of specizhzed heart hissue at varous
stages of development of the human fetal
heart Am J Med 5 3 4 1948
9 Scmmmsrer T H  STaRx M avp CaEsse P
Die Stoffwechselsituation des Reizle tungssys
tems Ehn Wehnschr 34 181 1906
0 Bamp J A axp Roge J 8 Studv recon
struction and gross dissection of the atrio
ventrieular eonducting system of the dog heart
Anat Ree 108 74¢ 19 0

Hepaxpege E  avp Eaararr E W Locahza
tion of myosim m the conduction bundle of
beef heart Proc Sec Exper Bl & Med
101 838 1959

. Warzs E W  The mieroanatomy of muscle
In The Structure and Funmction of Musele
Edited by G H Bourne New York Academic
Press Inc 1960 vol 1 p 1

©3 Eperty C J Die Elemente der quergestreiften
Muskeln Arch path Amat 37 100 1866

4 Ranvier L Traite Techmque d H stologre Ed
? Pans F Savy 1889

25 HemENmaN M Ueber die Struktur des mens
chlichen Hermuskels Anat Anz 20 33 1901

¢ Gootwskr E  De Entwicklung des Skelet
und Herzmuskelgewebes der Saugethiere Arch
mikr Anat 60 111 190

7 Jorpaxn H E  The structure of the heart
muscle of the bummngbird with special

efer nee 10 the ntercalated dises Anat Ree
5 517 1911

§ Jorpaw H E AND Bawas J B A study of
the intercalated d ses of the heart of the beef
Am J Apat 22 285 1817

5 WeeNer M Besteht die Herzmuskulatur der
Saugetiere aus allseits sharf begrenzten Zellen
oder nicht¥ Arch mikr Anat 76 101 1910

30 Maxmuow A A AND Brooxr W Textbook of
Histology Philadelphia W B BSaunders Co
1930 p 17

31 Bowprrcm H P Ueber d e Eigenthumlichke t
der Rewbarkeit welche die Muskelfasern des

-

>

C ™aton Vim XXIV A gust 3961

3

=

3

k]

o

3

©

4

3

4

s
-]

41

&

4

4

&

469

Herzens zeigen Arb Physol Anst Lewpzig
6 139 18
R 8 Mamnmal atair

case contraction Tefractory perod and com
pensatory pause of the heart Am J Physiol
8 13 1903

Curmis H J anp Travis D M Conduetion m
Purkinge tissue of the ox heart Am J Physiol
165 173 1951

WemMANN 8  The elecirical constants of
Purkinye fibers T Physiol 118 4§ 1952

Lewis T The Mechamsm and Graphic Regs
tration of the Heart Beat Ed 3 Loudon
Shaw & Sons Ltd 19 5 p 96

870sTRAND F § AND ANDERSSON CLOERGREN E
Intercalated dises of heart muscle In The
Structure and Function of Musele Edited by
G H Bourne New York Academic Press Inc
1960 vol 1 p 41

Fawcerr D W anD SeLBY C C  Observatrons
on the fine structure of the turtle atmum J
Biophys & Biochem Crtol 4 63 1958

Crnr. W E Ruomery P E  AND Woopsusy
J W Effects of membrane current on trana
membrane potentials of cultured ehick embryo
heast cells Am J Phymol 197 733 1959

Fance P Perssoy H  AND TEESLEFF S
Electrophvsiologie and pharmacologic abserva
hons on trypsin disategrated embryome ehck
hearts ecultivat d 1 witra  Aeta physiol
scandinay 38 173 1906

MarsHalL J M Effects of low temperature
on transmembrane potentials of mngle fibers
of the rabbit atnum Cireulat on Research &
664 1957

SpereLARIS N HosHIXO T AND Brene R AL
The non syneytial nature of cardiac musele
Membrane remstance of sngle cells Am J
Physiol 198 531 1000

Ceevont P West T C anp Fars G Mul
tiple nt acellular recording from atmal ang
smo atrial cells Correlation with contractile
tenmon Proc Soc Exper Biol & Med 93
3o 1996

Paes b Cavvarmo A »E Mo W € amp
Horruray B F Eleetrophysiologeal endenes
for specialized fiber types wn rabbit atrum
Am J Physol 196 483 18 ¢

Bowy J H Woinss E M ¥V axp Wases
J M The formation of acetyl holme m the
heart Tts effect on systemue output and aune
ular fbnllaten wth acomtme J Phymol
181 31 1956

Mazer P AND Hortand W € Acetylcholme
and_electrolyte metabolism 1n the varions
chambers of the frog and turtle heart Cyrey
lation Research 6 684 1958

Mowky R W axp Baretr R Jz. Histe




470

47

48

4

]

>

o

1)

e
€

@

@
£

57

chemically demonstrable glycogen in the human
heart Am J Path 27 611 191

BITTEVCOLRT D Lov¢ D M Lkr ¥ L awp
Tureter C W Intrautal stamng of the
atrioventricular bundle with 10dine componnds
durng y brpass  Cireulaty
Research 7 703 190

Moxumaears W F I M Kimuratar P oA
AND DickEns M P Acetylcholinesterase in
the conductive tissue of the heart Cireulation
Researeh 1 460 1903

Canpovert. L M Esterases of the condueting
aystem of the heart J Histochem 4 § 1906

Riwapsrs T axp Cogan D € F;

&

&

o

=

6

DeHAAN

of various mammals Quart J Exper Physiol
44 01 1909 and personal commuameation
Ouivo O M axpRictyo R Attints contrattile
coerenfe di espiant: multiph di mioeardio
embrionals coltivats tn tifro Mem Accad d
sc d Ist di Bologun Clasee S Fis § 10
6 °.pp 1900
Driwrer M H  asp Wrmnaans 8 Cardiae
resting and action otentials recorded with an
intracellular electrole J Ilhysiol 115 74 191
BozLer F The mbintion of impulses in earine
musele Am J Phvsiol 138 °73 194
Mrpr E  anp Frrron: 1 Rarly functional
of heart musele cells Expen

lpogenesis by Purlinge fibers J Biochem &
Diophys Cytol 6 519 1959

McCarioy D J avp Wova W T\ study
of the loethization and distribution of glyeogen
m early steges of the chick embrso Canad
J Zool 3¢ 63 19u6

Bugrows M T The reserve cnergy of actively
growing embryoric tissues Proe Soe Exper
Biwol & Med 18 133 19.1

SierEL T O Growth of succinoxidase activaty
1n hearts of rat and chick embryos J Exper
Zool 126 20 1954

LesLie I AND YarNELL M Suecme debvdro
genase and eytochrome oxidase actimties in
cell structures J Biochem & Brophys Cytol
7 ~65 1960

Semarr N T Nutntional requirements of the
early chick embryo III Metabohc basis of
morphogenesis and differentiation as resealed
by the wse of inhbitors Biol Bull 99 1.0
1950

ERLANGER J Observationd on the physiology of
Purkinje tissue Am J Physiol 30 39 191

DrarEr M H anp Mya Tuv M A companson
of the conduction veloaity i cardiac trssues

o
8

o

2

bo

o

r\
2

enta 15 47 19,9

FRrangER J  Observations on auricular strips
of the ¢at s heart Am J Physol 27 87
1910

Horryen. B F  anp Cesnerietp POF
Flectrophysiology of the Heart New lork
MeGraw Hill Book Co 1960 p 1°3

Cavanavar M W Pulsathion migration and
divimon 1m dis ociated ehiek embryo heart
eells J Exper Zool 128 5:3 1925

Gurororrt L Rijythmrcal contractions of
mingle hert muscle eells mn tissue culture in
witro J 1hysiol 63 v (Proc) 19.7

Parr G H Conclusive enrdence for simo atrial
dominanee 1n selated 48 hour embryome chick
hearts cultivated 1n vitro Anat Re. 63 03
1935

Haragy I avp Fageey B In titro studies
of sugle 1 olated beating heart cells Science
131 16.4 1960

CrawertELd P F anp HorrMaNn B F Propa
gated repolarization tn heart muscle J Gen
Physol 41 633 1908

Partey B M Formation of the eardiac loop
in the chick Am J Anst 30 373 192.

im XXV A gust 162



Cardiac Myosin and Congestive Heart Failure 1n the Dog

By Roserr E Ouson PrD MD Eric ELENBogEN PrD *
anp Ruga Iyencar PrD

Chromie congestive heart failure bas been proluced
valvular disease

n dog by surgieal anduction of
Cardiac myosmm was wsolated from the normal dogs and from dogs with
congestive heart failure and characterize] Phvsico b meal properties of the card ac myouns
were determinel by measurements of veloesty sehim ntation partial specific volume rate of
iffuson Lmiting nscosity number hght seattenmg behavior and A\TPase actinity The
measurements show that normal eardiac myoun (mvosn C) has a moleeular weight of °5 000
whereas mvos n from the failmg heart (myosn F) has a molecular weight of 680000 This
change m molecular we ght oceurs without a marked slteration m amino sad compostion
and suggests that end toenl tnmenzation of normal cardiac myosin occurs in associtation

with eongestive heart failure wn the dog The ¢

OR THE PAST several years our lab
oratory has been engaged 1n the syste
matic study of cardiac metabolisa m the
dog 1 various conditions of malnutrition
endoerine 1mbalance ! and surgieally mnduced
valvular heart disease Of particular interest
has been the study of the contractile protemns
of the heart i various states meludmg ex
perimental chrome congestive heart failure
This study was undertahen because of the
mabiity of manv imvestigators® mecluding
ourselves* to discover w either dogs or man
with heart faillure any evidence of a hwo
chemical defect m the uptake of substrate
from the coromary blood the oxidation of
thesc substrates to carbon dioxide and water
or in the process of oxidative phosphoryla
tion 5 The shortening of the myofibril in the
contractile process involves the interaction
of at least 2 contractile protems myosin and
actm with ATP Hence m view of the
above negative evidence 1t seemed ymportant
to study the properties of these protemns in
hearts of ammals 1 1arious states of eardiac
compensation  Since appropriate samples of
cardiac muscle from human subjects are very
diffienlt to obtain immediately after death

From the Department of Biochemustry and Nu
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as 1o s gmf ant change n ATPase actimity

1t was necessary to study this problem m an
experimental amimal This report presents
the results of studies of the physicochemrcal
properties of cardiac mvosin 1solated from
normal dogs from dogs with sodmm reten
tion after lization of the infertor vena cava
and from dogs with chrome congestive heart
failure from valvular disease More de
tailed reports of these findings have appeared
elsewhere ® 7
Methods

Normal mongrel dogs immunized upon arrival
from the Lennel and known to he m good health
through observation 1n our anmal eolony over
several weebs served as the normal control gronp
for this study Dngs with mferior vena eava
hgation (ICL) having marked sodmm retention
and aseites served as the second control group
This ICL group was a partienlarly good eontrol
group becau e these ammals possessed normal
cardiac contractihty 1o the preence of sodum
tetention and altered aldosterone metabolism ® 9

In the hrst experimental group congestive heart
falure was produced 1n a series of ammals by
surgieal avulsion of the tricuspid valve and steno
sis of the pulmonars artery essentully by fhe
method of Barger Roe and Richardson 10 Thie
combmation of surgical lestons which was aceor
phshed 1n 2 stages at 3 weeh mterval, produeed
congestive beart failure i 60 per cent of (he
surviving dogs with an_operahve mortality of
les thw 15 per cent These anumals began 4
show climical signs of congestive heart faslure
within 1 to 4 weeks after constriction of fhe
rulmonary artery These signs included ohgu, ;
marked sodum “retentin an merease 1 bode
waght with the appearance of aseytes oy

redoced eyercise tolerance and
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In order to deseribe the hemodynamue status of
the ¢ anmmals pnor to sienfice, a light plane of
anesthesit was induced 1n each ammal by the
wtruenous adminsstration of Nembutal — Dial
Urethane (1 1/v/v) Cardac eatheterization of
the n ht heart and coronary sinus was accom
plished, a femoral artery was cannulated and
pre <ure mensurements were made 1n the femoral
artery, right atrum night ventriele and pul
monary artery by means of Statham gavge trans
ducers with either a Sanborn twin vi oeardietfe
or 4 Medteal Flectronies recorder In some mstan
ces simultancous tracings m night ventnele and
left sentriele were recarded u ing n direct pone
ture of the left ventricle through the chest wall
{ere figure 2} Msoeardial oxvgen and earbon
dioxide exchange and substrate e(!rachon were

asure 1y from the
coronary sIus nnd thc femoral artery Coronary
flow was measurcd by the mitrous oxide method 13
Blood gases and substrites were measured by
methods previou Iy desenbed and the results of
studies of the metabolhe actmty of the fmhng
heart are reported elsewhere 14

At the concluston of the physiologic measure
ments the plane of anesthesia was decpened by

of additrontl Nembutal to permit

a th £ an of artificinl respira
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Figure 1
Ventricular end duistole pressures w_dogs oper
ated upon to produce tricuspid and
pulmomic steno 15 The time of each of s

noted The end diastolic pressures uere measured
s nonanesthets ed dogs The solid symbols are
right ventricular pressures the open circles are
left ventricular pressures The louer set of curves
represents the pressures in ammals that did not
develop congestive heart failure

In the second expermental groap of dogs,
primary left heart faure was produced by cre
ating a mitral msufficency followed by 1 of 2
aortie L 1ons  Aortic stenesis was produced by
resecting the noncoronary aortie eusp and adja
rent aorta with the formation of a hicuspid valie
along the limes suggested by Carmells, Andersen
and Oropeza1! A constriction in the lumen of
about 60 per cent was achieved Aortie msuffi
cieney was nduced by punching holes m the non
caronary cusp with a creular valvulotome through
the aorta accordmg to Roshe and Morrow!

tively the nt tricul of
m.my of these dogs were measured through the
chest wall at intervals to determine the time of
onset of failure Statham gauges and a Sanborn
isocardiette were employed to record the pres
sures Minmmal morphine sedation was used to
facilitate the procedure so that the dogs were
qmet but awake and responsive All of the anmmals
sacrificed for characterization of cardiac myosm
had been 1n fadure for at least 6 weeks as
enidenced by elevated end diastolie pre sures

tion The perreardium was opened and the anunal
sacrificed by rapd exasion of the besting heart
The organ was mnmediately chilled 1n demmzed
water m 1 C Generally a ventmcular ectope
rhythm persisted until the heart had been m
mersed 1 the cold water for a few seconds After
betng fully chilled to 1 C the heart was dis
sected m 7 cold room to remove fat and connective
and atria)l tissue Both right and left ventrie
ular tissue were combined and munced m a meat
grinder at 4 C, and the myosin was 1solated by
the method previously described®

Cardiac myosin was olated from dogs n
the 2 control and n the 2 expenmental groups
2and charactenn ed by a study of veloaty seds
mentation partial speetfic volume rate of free
diffusion, hmiting viscosity number light scatter
g bebavior and ATPase activity Partial speeific
volumes were determined by pyhnemetry ATPase
aetivity was determined at 25 C on samples
dialyzing sgenst veronal buffer (pH 86) m
order to remove phosphate ions The method
of Gergely’® was employed and the ATPase
activity expressed as Q, (mrcrohters of phos
phorus lhberated per milligram of myosin per
hour) Sed veloaity were
carried out m & Spinco Model E analytieal nltra
centrifuge Solutions zbove 02 per cent protewn
were apalyzed m the conventional manner from
schlteren patterns More didute soluttons were

€ vatow VIm XXIV A4 gut 198t
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both the night and left 1en @
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analyzed by measurement of ultraviolet absorption an upsivered Dewar flask at 2 C Trplcate

using & Spmco analytrol to plot the denaitv of
the absorption bands Sedimentation runs were
carmed out both at 24 and 4 C no dependence
of sedimentation constant npon temperature or
speed of rotor was noted Diffusion eonstants
Were estimated both from boundary spreading
observed m the ultracentrifuge and from free
diffasion 1 the Spnco Model H electrophorests
1ffesion tants were dated
from schlieren patterns and from Ravleigh fringes
respectively employing the method of second mo-
ments The boundary spreadng coefficients were
corrected for the concentration dependence of
the sedimentation constant Laght scattenng mea
surements were carried out mn a Brice Phoenix
light seattermng photometer equipped with a Brown
recorder The wave length chosen was 2 merenry
blue Lme (436 mp) The refractive mdex incre
ment was determined at the same wave length n
& Phoemx differental refractometer and found
to be 0206 on a weght frichon basis  The
solutions were clanfied and measurements were
carried out at 0 4o 90 and 130 degrees at a
temperature of 15 C or less The hmiting W
cosity number was obtmmed by mensurement of
the wiscomty of solutions of dfferent concentra
tions 1n an O wald viscometer with a water time
of about 130 seconds mounted kmematieally

C waton VIm YAV Ag tuisst

determinations were obtaimed with a marimal
deviation of = 03 second Further details of
these method have been publi hed ®

Three preparations of normal eardise myosin
and the myosin obtamned from the famhng heart
were hydrolyzed i 6% HOl and thewr ammo
;z?:n:r:s"ana]yzed by the method of Moore and

Results

Physiologlc Studies

All the anumnals 1 this series with valvular
disease showed generalized congestive heart
farlure at the time they were sacrificed for
the study of cardiac myosin  Both the mor
mal ammals and the controls with mferior
vena cava ligation showed no evidence of
congestive heart falure

In several of the animals operaf
the development of failure was foltlez:ve‘rip(;:l
measurements of end diastolie pressures ‘
the right and left ventricles Resultg fm
typieal series of ammals 15 presented i, oﬁ ;
ure 1 After production of tricuspid . né;
ficency end diastolie fillimg pressure IL:S the

night heart was elevated from 2 to approxt
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Table 1
Hemodynamic Findings i Conirol and Ezpersmental Dogs
g e G S
e
Condlt! n No ¥r L7 Liminyar Gmrein G foin
199 - 259 87 108
Normal 1° %11 —_ *018 *6 *10
169 70 168 115 173
IcL 5 *18 ="0 *012 *l =*11
188 60 189 5 100
TI/P8 (CHE) 11 *11 *14 *0°4 *9 x16
MI/AT or A8 ((HF) 2 213 — 336 119 145

Asates free

mate]y 6 mm of Hg After pulmonary
stenosis was establishcd certain of the am
mals demonstrated a further rise in right
ventricular end diastolic followed m 2 wechs
by an elevation m left ventricular end
diastohe filling pressure  The changes m
the left heart followed the appearance of
ascites  In the animals unsuecessfully oper
ated upon (lower curve in figure 1) the end
drastolie pressures on the right side remam
only moderately elevated and the pressures
on the left side remain normal Some of
these later anmmals had transient ascites
Simultaneous left and nght ventricular pulse
traemngs for a control dog and for 1 whose
congestive heart failure was due to TI/PS
are shown 1n figure 2
The net body weight amount of ascites
cardiac index coronary flow and oxygen
usage by the myocardium for the 2 control
and 2 experimental groups are shown In
table 1 Both the amimals with inferior vena
tava ligation and those with tricuspad 1n
sufficiency showed a below normal reduction
m eardiae output whereas those with Jeft
heart disease showed an increase 1 cardiae
output  Coronary flow was not mgmificantly
changed from normal in any of the groups
and the oxygen usa,e by the myocardinm
was lthewise within normal hmits
The evidence for congestive heart failure
m these amimals may be seen by examimng
table 2 m which the atrial and ventriculer
pressures are reported Both the normal con
trol ammals and those with inferror vena

eava ligation controls showed esscntially nor
mal pressures m both chambers of the heart
and no evidence of regurgitation mto the
right atrijum The amimals with  trrcuspid
msufficsency and pulmonary stenosis had a
moderate right ventricular systohe hy perten
sion (44 mm s 30 mm for the normal) and
markedly elevated end diastohe fillmg pres
sures  Regurgitation mto the right atrmum
was marhed mn these ammals with the atrial
systolic pressure reaching an average of 30
mm of g The left ventricle of these am
mals was also fajhing mndieated by the elev:
tion of end diastolic pressures i that cham
ber In the 2 amumals with left heart disease
there was evidence for left ventricular farlure
m terms of a marked elevated end drastolic
filling pressure Some elevation of fifling pres
sure was also noted 1n the right ventricle
Physicochemical Studies

Results of the physicochemical studies are
shown 1w figures 3 4 5 and 6 and are sum
marized n table 3 The data 1 figure 3
show the dependence ot sedimentation eon
stant (upon concentration) for myosin 150
lated from the control dogs {(normal and ICL)
and from these with congestive heart farture
The s° o » for the control amumals was 616
+ 013 and for the ammals i farlure was
650 =001 2 difference that 1s on the border
Iime of sigmficance (p = < 003 > 001) Fhe
concentration dependence of s, v 1s linear
The slopes of the sedimentation carves from
normal and failhng myosin are sigmficantly

Coewat m VIm XXIV A g 1905



CARDIAC MYOSIN AND CANINE CONGESTIVE HEART FAILURE 475
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Figure 8

Sedimentation constants of dog heart myosin o a fun tion ot concentration The panel

on the left shows the raiues for control anmals

The open arcles are amimals usth

asctes resulting from wferior vena cava Lgation The pancl on the tight shous the
values for anmmals with congesine heart fasture The sobd arcles are from ammals
wath primary nght heart falure and the open cur les are from ammals uith primary

teft heart failure C 56,100 rpm

different The calculated slope tor the normal
control group was —3 10 = 016 whereas for
the dogs with heart failure 1t was —666 =
084 (p = < 001) The diffusion measure
ments for normeal cardiac myosin and myosim
wolated from dogs with heart failure are
shown 1n figure 4 The concentration depend
ence of D o « was more marked with normal
cardia, myosin than with myosin from the
tailmg heart On extrapolation to zero protein
(oncentration the value for D oy for the
norma) dogs was found to be 246 X 10~ cm /
wec whereas that for the dogs with heart fail
ure was 082 X 10~ cm /sec The molecular
weight calculated for normal cardiae myosin
from sedimentation constant d:ffusion con
stant and partial specific volume was 226 000

€ dton ViIm AXIV A g ti1ser

) 4C 06MACI pH6S

for myosn from the f:
ook 003 ailing heart 1t wag
In figure 5 are plotted the turbidities un
corrected for dissymmetry at 90 degrees
agamst proten concentration obtamed u’: the
Light seattering experiments for myosin from
normal and failing hearts The zero nter
cept of H X ¢ 15 proportional to the recipro
T
cal of the molecular weight After applying
correction factors for dlssymmetry to th:
respective intercepts the molecular weight
for normal cardiac myosin was found toab
270000 whereas that for faline eard. .
myosm was 760 000 N o
The changes in mtrinsie viscosity

ar
sented m figure 6 The shape of ‘heepl;::g
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Boundry spreading and free difusion constants of dog heart myosin as a fraction of

concentraton The values sn the left pancl were obtaned from normal anemals

the

values mn the right panel from ammals 1n congestive heart faillure Conditions tempera

ture 09 C 060 KC! pH 68

(1/e In 5 ‘o ¥s concentration) are marhedly
different for the 2 proteins MNormal eirdiac
myosm appears to disaggregate 1n very dilute
solution and extrapolates to a limiting value
of 50 cgs umts On the other hand myosin
1solated from the fuling heart shows a re
eiprocal behavior and appears to undergo
aggregation 1n dilute solution to a high limt
mg viscosity number of 363 ¢gs units This
behavior has also been noted by Davis et al 18

The ATPase nctrvity of the myosins from
normal and failing heart muscle were not
signifieantly different The value for normal
myosin was 382 * G8 pucrolhiters P/mg /hr
vs 424 = 112 for the myosin from the faimg
heart

From analyses earried out thus far 1t
would appcar that the ammno acid composttion

of myosin from normal heart failing heart
wind rabint sheletal muscle are essentiallv m
distingshable on the basis of moles/100 000
Gm protemn  Representative data are shown
m tible 4 These data strongly suggest that
the changes in molecular weight and other
properties noted among the myosins repre
sent changes 1n secondary and tertiary
structure
Discusston

The studies demonstrated conclustiely that
generalized cardiac failure can be mduced 1n
the dog by surgical production of tricuspid
sufficeney and pulmonie stenosis Elesation
of end diastolie filling pressures 1 the left
heart as well as the right heart were noted
m most of the dogs that have developed heart
failure 1 our laboratory and all of these an:

€ lio Vlm TUV A gust 1981
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CONTROL FAILURE (T1/PS})
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Tigure 5

Laght scattermg mea urements on dog heart myossn as a function of concentration
The valuss wn the left panel were obtaned on preparations from control ammals The
walues 1n the mght panel were obtoned on preporations from animals with congestive
heart farlure Condstions temperature 12 to 15°C 06 RClL pH 72

mals selected for the study of cardiac myosm
from the fathing heart This findmg supports
the studies of Barger Roe and Richardson™®
of heart lung preparations made from hearts
obtaimed from ammals whose chinieal cardiac
failure was due to TI/PS They observed
that such hearts failed quickly m vitro m a
Starling heart-lung ciremt Not only were
the hearts unable to mamtam normal output
when the rght atral venous supply was 1
creased but also they were unable to maim
tam a normsl output when the Starhng
resistance  was mereased These authors
coneluded that On the basis of two experl
ments 1t would appear that as in eardiac
farlure m the human the mvolvement of one
chamber may predomnate early m the dis

€ ulaton Vim YXIV A gust 13801

ease but with the progression of the disease
won of both eh

T becomes
apparent

Our studies are m contrast to those of
Daws et al ° m which the surgical produc
uon of tricuspid nsufficiency and pulmome
stenosts lead to an elevation of right ventrie
ular but not left ventricular end drastolr
pressures  These sworkers coneluded tha:
they had 1solated right ventricular faiture 1
their preparations ‘We can only eorcl du
that the preparation they obtained was g e
what different from ours They report T{:e
right ventricular systohe pressures Wi .
rarely increased mn their amimals whe, oo
these pressures were umiformly mcrease;eas
ours It 1s concervable that the valyular dl):
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Table 2
Intra ardin Pre sures w Coutr 1 and | rperimental Dogs

VontleIrpres o
(mm Mg’

Right
(4| N 1)
3 ight L1
¢ din No Syat M n Syet LI X B
[ 12 94 21 160 56
Norma] 12 *oc *07 + 8 =08 * 4 *15
0 31 30 34 183 63
el 5 *04 *11 *37 *04 *14 =03
301 144 442 136 1.9 18
TI/PS (CHF) 11 *34 *01 *.1 *12 *7 *11
MI/AL or AS (CIIF) 2 ° w0 380 .0 164 145

e1s¢ was more severe i our mmals with ex
tension of the defect in contractiity to the
opposite side & phenomenon frequently secen
m man ! and expected on the baus of th
anatomy of the heart

The molecular weight of normal eimmne
cardiac myosin appears to be about 226 000
from data based on 3 independent methods
carried out 1n our ltboratory ¢ The svaln
obtamed from light seattering 1s shghth
highly (270000) but this 1s typreal of 1
technie that estimates weight 1verage rather
than number average molecular weight On
the other hand the molecular werght obtained
from studies of myosmn from the failing heart
15 690000 from D s and ¥ and 760 000 from
light seattering measurements  The ratio
of corresponding molecular werghts for nor
mal and failbng myosm 15 1 3 Smce the
amino acid composttion 15 essentially 1dentical
1t appears that the myosmn from the faling
heart 1s a trmmer of that from the normal
heart It we designate normal eardiae myvo
stn as myositn C (for cardiae) and myosin
from the faiing heart as myosin F (for fail
ure) the transformation may be summarized
as follows

3 myosin C->myosm F

The stimulus for thrs transformation seems
to be chrome stretel It may be that distor
tion of the myosin rodlet (thick filaments) 1n
the chronically stretched myofibril may be
ostrumental . stimulatmtg mild denatura
tion of normal myosin which m turn results
m polymerization Since the ATPase actns
1ty of myosm F 1s not altered the associa

tion appirently does not myolve the active
site of this enzvme Dvidence for alteration
n the mvosin filaments n the fathng heart
are non being sought in our laboratory by
electron mieroscops

It scems clear that the chinge observed
represents an acquired molecular disorder
that mas account for the decrense m con
tractilty of the farlin, heart The phenom
enon of polymerization of myosm has been
observed to occur 1 vitre 3 during denatura
tion  The mvosm of rabbut sheletal muscle
m1y furthermore represent 1 polvmer of a
monomer of approximately the size of nor
mal cardtac myosin Riclley and Harrington *
found that guamdine salts wall depolymerize
rabht sl eletal myosin to a monomer of molee
ular weight 219 000

Benson? studied the effect of heart failure
in dogs with tricuspid msufficiency and pul
monie stenosis upon the properties of acto
myostn  The ammals with expermmental
heart failure possessed a eardiac myosm with
reduced ATP sensitivity that 15 a reduced
change 1n the specific viscosity of actomyosin
after addition of ATP These mvestigators
also found that the eardiae mjosin peak from
experimental dogs seemed to be morc promi
nent 1n ieloeits sedimentation studies of
actomyosin than m normals They sugested
that the combmation of actin with myoun
was less stable mn the experimental dogs as
compared with the controls

Davis and hus group ® attempted to venifv
these findings but were nnable to they ob
served no difference 1n the ATP sensitivitv

C ftom Vm AUV A gus sser
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¥ 1scosity measurements on dog heart myosin as @ fun twn of concentration The values
an the left panel were obtaned on preprratons of control ammals The values w the
right panel were obtained om preparations from ammals with congestie heart failure

Conditions  temperature 1 €
of actomyosm from normal heart muscle and
heart musele obtained from dogs with right
heart falure resulting from tricuspxd 1m
sufficiency and pulmonic stenosis They did
observe however that certain preparations
of actomyosin from the faling right ven
tricle heart muscle did show a slow compo
nent (probably myosm) present m the sed1
mentation pattern that was not present in
controls In other words the behavior of
actomyosin from the failling heart was mot
1dentical with that from normals Neverthe
Jess these mvestigators concluded that these
data do not support the concept that the
contractile protems are altered n exper:
menta] heart faxlure

With regard to the work on actomyesiz
1t 1s probable that actomyosit formed during
extraction of cardiac muscle by salme phos

€ witon V1w XXIV A gut 1961

06M ECl pH 68

phate solution 1s a physiologi, artifact The
electron microscopic studies of intact muscle
fibers ? suggest that actm and myosmn are
segregated m a particulate structure imvoly
mg the thick and thin flaments i the iving
cell  They appear to make contact on]: 1;
a highly oriented manner durmg the ycon
tractile eyele For this reason the studies of
actomyosmn  although controversial as noted
probably are not too mformative about the
i:::t of the contractile protemns 1n the ntact
In the study reported mo:
Dawis and his co worhers under::okr:;eensly .
acterization of cardiac myosin from nor; ﬂl"1
dogs nd from dogs with chrome conves:n .
heart failure caused by tricuspid msuﬁibc -
and pulmonie stenosts Therr basie datmm
1 fairly good agreement with ours as repir:er;
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Table 3

Properties of Myosn from Normal and Falmg
Dog Heart
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Table 4

Dustrsbution of Selected Armino Aerds s Various
Myosns (Gm moles/10% Gm )

€ 41 cMyosin

Const nts Nom | Fali g

. 616 653
ds/de (weight %) —310 —666
Dw v 246 080
v 073 072
[71 (cgs umts) 500 3630
/to 215 446
M (from s D) 6 000 690 000
N (from bght seattenng) 70 000 763 000
a/b oy 80
Length (%) 690 204
Width (k) 28 28
ATPase (4L P /mg/hr) 382 424

above They employed a narrower range ot
physicochemical methods to characterize the
myosins from normal and failinz heart mus
cle than have been employed mn the present
study For example they did not carry out
equilibrium sedimentation or hght seattering
measurements on their preparatlons Davis

Rabbit
X letalmu le

Dogh tmus! Emis Bl
Ami e Norm 1 Fallure  1954s 19484
Aspartic 83 7 85 87
Serine 39 39 41 43
Glutamic 149 144 155 150
Alanine 71 71 78 73
Valne 36 35 42 Ps
Phenylalanine 27 26 27 6
Lysine 84 78 8s 81
Argune 48 44 41 4°

stant by Davis et al were not carried out
over a sufficient range of concentration to
detect the concentration dependence in very
dilute solution ¢

The changes 1n mtrinsic viscosity observed
and described by us were also observed bv
Davis and co workers They were particularly
notable 1 observations made by them on
myosin from right ventricular tissue from
dogs m congestive heart falure An elevated

and co workers did 101 o
efficients over a reasonable range of concen
tration and their sy o intercepts are 1 reason
able agreement with ours We find a higher
mean slope with the preparations from the
faiing heart although the scaiter 1s greater
than with the normals It 18 to be noted how
ever that the sedimentation behavior 1s a rela
tively insensitive parameter for d h

t) viscosity was consistently founrd In

a few preparations a high mtercept was noted
for the normals although this was not as
frequent nor as marked as in the ammals with
fatdure Dawis and co workers choose to 1g
nore these viscosity findings which are 1n good
agreement with ours and conelnded that their
vi1scosity measurements were unrehable ‘The
must be dered ** Davis states

1ng normal and faiing myosmn because the
sedumentation behavior 1s relatively unaffected
by end to end aggregation

Davs et al admit furthermore the pres
ence of impurities 1 some of their prepara
tions stating that 1n a few instances a very
small boundary which sedimented faster than
the prineipal myosin component was ob
served  If thig 1s true other mmpurities not
distingmishable from the main peak, which
could have modified sedimentation bebavior
at higher concentrations of the preparations
from the faling heart could have been
present ?

The measurements of the diffusion con

‘that viscostty measurements at very Jow con
centrations do not represent the true viscosity
of the solution  The fact that their viscosity
measurements were carried out at room ter
perature rather than at 1 C makes 1t Jikely
that denaturation of their normal preparation
would occur with a higher frequency, which
could account for the occastonal higher inter
eepts noted 1n control preparations

Wathout the additronal support of meas
urements of hght mg and i
sedimentation behavior of these myosins
Dawis et al drew the conclusion that the
molecular weight of cardiac myosin was w
the range of 5 X 10°% and that there were no

Vol m XXIV 4 gut 1941
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differences between the normal and fashing
heart We do not belseve these conclusions
are tenable m view of Davs s own data ard
particulirly 1 view of the extenune work
reported 1 this communication

Whether or not there are differences m
the ammal prepiritions must be considered
Daws s ammals were sacraficed without the
benefit of an open che<t and artificial respira
tion Whether or not the degree of farlure
13 different 1w the 2 groups of anunals as
endenced by the apparentiv normal end
duastolie filling pressures on the right sde
m the Davis serics can be resolved onlyv by
further experimentation 1t 1s hoped that
.ome reconciliation of these differences will
be ultunatels effected

Witk regard to the questian of generalized
cardiac falure m dogs with TI/ES valvular
disease Benson® foundt that m vitro con
tractilitv of glycerol extricted muscle strips
from both the right and left ventricles of
dogs with Ieart fmlure resulting from 71
and PS was merkedly reduced as a depressed
ventrienlar function eurve sumlar to that
observed m vivo could be constructed from
the data Since glvierol extracted muscle re
tans Diftle else than the basi contractile
systera and responsneness to ATP 1t seems
reasonable to assume that the defective con
tractility obsersed by Benson and co workers
must be due to altered contrachile proteins
Fako and Bing®! observed a sumiar decrease
m contratiity ot actomyosm bands pre
pared frora failing human beart muscle post
mortemy when compared with control prep
arations

1t appears from these studies and ours re
ported herem that eardiac myosm 15 altered
m physicochemical properties wm association
with congestive beart farnre mn the dog The
extent to which this 15 ehologie 15 not at this
moment determined Also the extent to which
this system 15 a model for the human wth
valyular disease 1s an interesting subject for
speculation
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Contractile Protemns of Heart Muscle 1n Man

By Ricuarp T Brne MD  svp A haxo MD

This report deals with tle contractile proteins of human musele . congestive failure
anl with the rol played by the contrachile proteins anl bv biochemical processes in the
regulation of the mechanical function of the heart Th contract1ty of actomyosin bands
preparel from beart muscle of pat ents who hal died in congestive failure was dimin shel
as compared to those preparid from normal hearts This may hare been the result of
defective protein synthe 13 The mnerease in heart rate was correlated with the actimty of
Thosphorslase & 1 heart musele and w th changes in carbohydrate intermeliates (lactate
glucose 6 phosphate [G 6 P] and glycogen) The heart rates over 300 per mmute were
associated with a trans ent imerease followel by a deerea e in phosplorylase a aet nity
glycogen dimimshed while lactate and G 6 P mereased The owndation reduction potential
1n heart muscl became mor mnegative In tte al ence of myoeardial smowia the inereased
rate of stimulat on of the hea t prolucel no alte at ons in either the eoncentrat on of

or the phosp

a actaty Alterations 1n fumetion of

the heart that come nto play upon rapid changes of cardiae act v ty are the result of the

ntegration of
but following the lead of tle eellull

ONTRACTILE PROTEINS of Ieart

Musele mn Man 1s the topie assigned
Strict adherence to this title would limit the
field to human heart musele alone and would
make this primarly a techmical discussion
Therefore little opportumty would be af
forded for dealng with problems of broader
physiologie  significance  Consequently  al
though the title of this presentation will be
adhered to i princrple 1t will also be used
as a startin, point to contrast the role played
by the contractile elements and bv brockemical
processes 1n the regulation of the mechanieal
function of the heart

Contractite Proteins and Regulation of
Cardrac Function
When one considers the properties of acto
miosin 1n solutzon 1t appears that this pro
temn 18 most susceptible to the nfluence of
adenosine triphosphate (ATP) and 1oms In
the presence of ATP at low salt concentra

T om the Departm t of Med cme Wayme State
Un ersty Colleg of Mehamne Detrot Michigan
Th's wo k was s provted by U 8§ Pubhe Health
Sermice Grant 11 043 The Laife Insurance Medhenl
Tesearch Funl the smenean Teart Associaton
the Mich gan Hea t Associat on the Totaceo Industry

everal d verse bio hem eal cellular reactions The contractil
elements eon ernel vuth the production of ene gy

protems are

trons there 1 complete dissolution and disso
cation? Ther with an merease 1 potassrum
chloride superpreeipitation oceurs® As one
mereases the concentration of potassium
chloride further complete dissolution and
drssocation suddenty take place agam Super
preapitated actomyosin forms a gel that can
be eompressed mto threads Weber called
these preparations thread models ® He showed
that musecle models shorten by 80 per eent
of thewr imtal length and that they develop
tension Thus the contraction of the living
system and the contraction of these model‘;
agree 1n manv points We do however miss
evidence of physiolige msight on the part
of these models Thev contract they hft
weight and they develop tension but thewr
Tesponse to wer kit and their speed of con

traction are umiform and not adyusted to the
demands of the moment

More than 10 years 2g0 with these con

siderations 1n mind we undertook g study
of the properttes of models prepared from
heart muscle both of ammals ang of man The
fquestion that we tried to answer first was

Do models prepared from heart muscle re

tan some of the physiologie msight of the

Research Commuttee Abbott Laboratores and the ntict heart muscle for example what 1
Burroughs Welleome Funi the relationship between the tension deyel
€ wlat Yol m XMV A g U182 483
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This shous the wsotonmse contractions of extracted
heart mu cle afier the addition 0 9 per cent ATI
The work of the isotonically contracting muscle
strip caleulated per wmt fiber (millimeter length
per millimeter divmeter) 1¢ related to the tension
exerted on this preparation The worl perform
anee mereases with pising tension up to an optimal
walue and decreases when the tension becomes
excesstve (From Yaesckler and Bing *)

oped and the work and between the speed
of contraction and tension? Dr Taeschler
using the hber model preparation of Szent
Cyorzyy (the glycerated heart muscle fiber)
found that the work of the extracted heirt
muscle increases with risimmg tensron up to 1
miximal valze and then decrenses as this
loid 1s exceeded (fig 1%*)3 In this respect
extracted heart muscle retets stmilar to fresh
heart or sheletal muscle or for that matter
to the whole heart

This observation which was wterpreted as
euidence that the molecular orientation of the
contractile protewns of heart muscle during
stretch determines the wor] performance
prompted us to extend our studies to the
contractile elements of the human heart ¢ If
our conclusions were correct then similar
techmes should enable us to a2ccumulate evi
dence of an ltered state of contractile pro
temns m heart muscle of pattents who had died
m congestrve fallure From our metabolie
studies we had alreadv reached the tentative
coneclusion thit i heart fadure escludmg

Figure 1 reproluced from Taeschler and Bing
Cireulat;on Research 1 179 1923 By permismon of
the American Ifeart Assaciation Ine

BING KAKQ

such types as beriber: or thyrotoxic heart
tiseage the disturbance majy be in the con
tractile proteins 3 If one could prepare acto
myosin models from faiing human hearts
one might supplement the studies of Olson®
Davis7 and Benson,® who had attacked this
problem by means of biophysteal and physt
eal chemeal technis

The success of this work depended on 2
unknowns (1) are 71vallable actomvosin
models surtable for this work and (2), since
the studies were to be based on the con
tractility of actomvosin bands obtamed from
hearts after the death of the patient 1t would
huve to be shown first that charaeteristic
properties of actomvostn do not change for
2 brief period after death Detth explored
both these problems n answer to the first
question he found that actomjosin threads
produced by the compression of surface
spread fibers of the protems possess certun
defimtive disadvantages® In a thiek thread
such as the ome prepared by Hayashr most
of the moleenles within the thread are not
exposed to mmmediate contact with ATP but
must be reached by unequal diffusion of ATP
from the bath® In addition the thickness
of the thread varies a great detl making 1t
difficult to obtamn umform results Detth
overcame these difficultis bv compressmg
aetomyosin spread on the surface of a solu
tion 1nte binds not into threads® This af
forded a more constant diffusion of ATP
mto the preparations and made them a use
ful tool )n comparatine experimentnl studie
(fig 2) Detth also devised an apparatus for
the measurement and recordmng of after
loaded 1sotonic contractions in thrs system
refined by Kako 1t 13 not necessary to handle
the sticky actomyosin band direetly 1nstead
the band can be loaded by moving the weigh
ing spring of a torsion balance by the desired
number of milligrams (fig 3*) ¢ # Since the
band contracts on the addition of ATP the
arm of the torsion balance follons the eon

Figures 3 anl 4 reprolucel from Kako anl Bing
J Cin Invest 37 463 198 Ry perm: son of
the Amenean Society for Chimeal Inveshgation
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Figure 2
This sllu trates an actomjo i band n the con
traction chamber On end of the band 1 anchored
firmly achile the other is attached to the lever 1
a torsion balince

trichhon This mtiates an electronk serve
feedback mechanivm which moves the trough
m a direction opposite to that of the con
traction Thus the arm of the torsion balance
15 always kept 1n the equilibrizm posttion and
a counter force 1s produced that equalize
the tension of the thread* The movements
of the trough are recorded and without ap
precrable friction 1t 1s possible to register
shortening of the band at a magmfication of
23 diameters

The second problem possible changes 1n
the contractility of actomyouin after death
was studied by Dettlt for the dog s heart and
bv haho 1n actomyosin bands prepared from
human bearts + ® hako found that the eon
tractihty of actomyosin bands remamed un
dimunshed for at least 6 hours after the
death of the patient?

The wav now appeared open for a com
panson of the contractility of actomvosin
bands prepared from the left ventricles of
normal and of faiing human hearts The
artomyosin bands prepared from heart mus
cle of patients who died m congestive failure
were found to pos ess drminished contractihity
tfig 4) It 1s not within the scope of this
paper to dwcll on the reasons for this dimin

€ culaton Vol wm XXIV A gust 1581

Figure 3

The Langmuir trough sn which the actom josm
solution 1s compre sed into bwnd The contraction
chamber 1s at the right The tor von balin e and
sts elongated arm are also hown As the protesn
band contracts the arm of the tormim balance
motes tcith the contraction the trouzh moves n
i oppate direction Thu the eounterforee
produced equals e the ten ton on the b ls (From
Kako and Bing +)

whed contraetthity on a molecular lexel but
the actomyosn bands have an advantewe over
atomyosin solutions mn that studies on the
essential property of the contractile proteins
their contractility can be earried ppt The
results on actomvosm bands prepared from
human hearts re 1 agreement with those
of Benson who wsing glycerinated heart mus
ele strips from failing myorardiam of dogs
found that these fibers did Jess work th;n
fiber bundles from normal hearts under equnt
alent conditrons of length temperature pH
and ATP concentration 10

‘We have asked ourselves Tepeatedly abont
what factors could cause a change 1 con
tractile elements of heart muse]
dimintshed  contractiity e
bypothesis of stretch as
role but this has never been <onclusively
demonstrated A change 1n Onlentation of
acton;\'o:m 1> also unhikels simee Olon ob
served changes 1n mv
o ana 0sn molecules of failing

Recently a ver, interesting observation o
farling hearts ha been Published by eg, .
and Zavats* Ther Teport 15 of parhc:l:':

le leading to
favored the
plaving an important

—
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Data from 3leerson and Zayats!? qre graphicall;
dllustrated o this figure The rate of wncorpora
tion of S% methiomne tnto myocardial proten

The contractility of bands prep
from falig human hearts and the effect of
digomn and of calewm and digozin combined
The regression line and standard deviations ob
taned from mormal data arve represented Many
of the pomts oblamed from fmling hearts are
below the standard devialion of the normal
Digoxin does not influence the percentage shorten
g (the group mean 13 shll below the deriation
of normal dats) The combmation of digozn
and calowum results in marked smprovement of
contractilsty wdicated by the fact that the group
mean ts now on the normal reqression hne
[J=Control b=—0879 p<O01 *=fmlure
control b=-0019 p>09 A=digozin b=0.95
P>01 X=digozn + Ca b=0404 p>035 (From
Kako and Bing 4)

nterest simee 1t touches on the previous dis

cussion while leading 1nte the regulatron of
broal 1

ly after the proluction of
aortsc wmsufficiency and then decreases during the
state of stable hyperfunction st reaches vts lowest
level during myocardial failure

stable hyperfunction the heart weight first
1nereases then remmns constint and the rate
of protein synthesis returns to normal There
1s iypertrophy of the muscle fibers The mjo
cardial concentration of phosphocreatine and
glveogen 1s normal but the lactic acid con
centration remams elevated During the third
stage that of ecardrc decompensation the
heart weight remains stable but there
dilatation and protein synthesis decreases
(fig 5) Lactie acid concentration in heart
musele 1nereases creatine phosphate dimin
1shes while glycogen concentration remains
1

eardiae function by processe:

These authors measured the rate of protein
synthesis 1n hearts of rabhits with expermmen
tally produced aortic stenosis ! Protein syn
theats was determined by the rate of uptake
of §% labeled methionme nto the heart mus
cle The changes occurring in protemn syn
thests durmg the development of failure are
llustrated m figure 5 Immediately after the
production of sortie stenosis a period called
the ‘‘state of sudden overload the heart
dilates 1nd 1ts weight nereases The rite of
protein synthesis doubles and microscopie
changes 1n heart muscle are noticeable Mus
cle glyeogen and ereatme phosphate diminish
whle lactic acad eoncentration i heart mus
cle rises Durmg the second stage that of

d Accordingly eardiac hvpertrophy
produces an mereased mjocardial mass and
an ncrease 1 sarcosomes Myoecardial anovia
15 present as ilustrated by the inerease n
lactic acid The authors conclude that the
disturbance m protein synthesis i the myo
eardium 1s an important factor 1n the devel
opment of myoeardial fatlure and that the
loss of hinette energy of eardiac contractron
15 connected with 1 disturbance of the normal
process of protern synthesis in heart muscle
The cause for dmmimished protern synthesis
m1y be prolonged anoxit with reduced AP
<vnthests or a deficieney of deoxyribomuclelc
acrd (DNA) the Iatter brought about by a
relatne mcrease m the size of the cyto
plasm as compared to nuclear mass

€ 1t Vom XXIV Ao t 1961
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At very low potassum chlonds concentrations
and n the presence of ATP actomyosin 1s dis
sociated As the potassium chloride concentration
13 ncreased superprecipitation oceurs As the
some strength 1s further wereased dissociaty n
and dissolution agmn take place (After S ent
Gyorgyr )

The Role Played by Biochemical Processes in
the Regulation of Cardiac Function

The challenging concept of Meerson and

Zayats relating possible alterations m con

tractile elements to protemn synthesis leads us

1nto the second portion of the & a

Time v sec | ) i ) !
o |
60 )
120
s 2 " L . .
0 10 20 30 40 & 60 70
/7 ety
Figure 7

The effect of wentricular fibrillation on actie
phosphorylase actwity of the left vemiricle 1s
shoun Actie phosphorylase actwty first
creases then diminishes as lar
proceeds Mean walue of 4 eaperiments

€00

deration of 3 1 events d
with the functional regulation of the heart
muscle It 1s not daffienlt to predict the m
fluence of these brochemrcal factors They are
likely to be responsible for a greater speed
of contraction and should play a predommnant
role 1 the adaptation of the heart musele
to rapid changes m imternal emvironment
Actomyosin bands gels superprecipitations
have with few exceptions no ways of grading
their responses except 1 an all or none fash
1on  Superprecipitation 1s an esample As
mentioned before in the presence of ATP
2 shght merease m KOl causes an intense
precipitation  provided one starts at low
potassium chloride coneentrations If 2 con
secutive test tubes differ by mo more than
002 molar potassium chloride dissolution 1s
tound mm 1 superpreupitation in the other
(fi, 6) In all likelhood 1t 3s the presence
of the cell membrane that 1s responstble for a
smooth regulation of the ntracellular iomic
conventration In addition to the presence of
a membrane or membranes the orjanelles of

€ ulatiom, ¥ Im XXIV A g t31961
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HEART RATE
Figure 8
The rise wn heart rate results sn an wncrease wn
lactate concentration (pdI/100 Gm muscle) of
left ventricular muscle The highest concentrations
are found sn ventricular fibrillation

energy production the mitochondria regulate
the speed of contraction 1 vivo Their ubiqut
tious presence makes ATP accessible to every
p:rhon of the fibr1l while 1 artificial models
the contraction depends on the
ATP from the bath solution penetration of

Therefore although actomyosin bands may
present true models of the contractile ele
ments they are stereotyped and devoid of
the ability to respond quickly and to adapt
themselves ndependently to alterations n
environment

The relationship between enzymatic actiy
1ty at the cellular level of organization and
the functional actimity of the heart munl
may be investigated by intey o

gratn, 1
i either the rhythm or th, % changes

e force of eon
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Increase 1 the heart rate 1s accompamed by a
ri e the glucose 6 phosphate concentration of
left ventricular muscle The lughest talues are
found wn ventricular fibriilation

traction of the heart with well defined bio
chemcal reactions In 1943 the Coms dis
covered the enzyme phosphorylase which
catalyzes the reaction glycogen + morgame
plosphate = glucose I phosphate ! The en
zyme exists m an active and 1 an 1nactive
form enzymes in musele ean convert the
actrve nto the nactive form or can catalyze
the reverse reaction 2 Phosphorylase appears
therefore as an important enzyme mn deter
minng the rate of glycogenolysis i sl eletal
muscle Cor: summarizing the effect of stimu
Iation on phosphorylase a content of sheletal
muscle stated that increasing the speed as
well as the total number of contractions
causes & pro resstvely greater increase m the
amount of active phosphorylase however dur
g tetanie the ratio of phosph
vlase a to total phosphorylase dimimished 12
An 1nereased rate of stimulation of skeletal
muscle also results 1 major changes m the
carbohydrate intermediaries of the Emhbden
Meyerhof cycle Thus, n anaerobic mus
cle glycogen disappears while lactate and
hexosephosphate accumulates  apparently
phosphofruetohmase becomes the rate Inmting
step during anaerobie comtraction® If the
response of the heart muscle and of sheletal
muscle 1s sumlar then the mereased heart
rate should result in glyeogenolysis with
of glucose 6 phosphate (G 6 P)
and lactic actd 1t should also lead to an

BING, KAKO
108 —
®
so |-
72} .
54—
.
36— . .
H
18- .
i
op .« o 3
LT
gl —1 Iy
%0 100 200 300 400 505\ \ Fivitoton
HEART RATE
Tigure 10

Increase e the heart rate leads to a dimunution
oany seardiad glycogen cneentration durmg first
~ munutes (mg /100 Cm musele) As compared
te sleletal mu cle  qlicolysis orcurs at mnch
Juster yates of  ontraction  @=Skeletal muscle
(Cors) @ =heart mu cle

crease m the relative concentration of phos
phorvlase a to total phosphorylase This
supposition 1s correct but applies only to the
anoxie hert muscle

Figure 7 illustrates that ventricular tachy
cardia with beats over 300 per minute and
ventrreular fibrillation first cause an 1crease
and then a diminution i phosphorylase a
activity ¥ Sumilar results are obtammed n
atrial muscle during atrial fibrillation 13 The
mcrease folloned by the fall in active phos
phorylise can be explained by assuming that
during the first seconds of tachycardia, the
heart muscle 1s stil alhaline favoring the
enzyme that synthesizes phosphorylise a?

The increased heart rate 1s also accompanied
by defimte changes m carbohydrate nter
mediates?® As 1n skeletal muscle the mn
creased rate of contraction leads to an m
crease m lactate and G 6P concentration
and to a decline 1 glycogen (figs 8§ 9 and
10) This suggests that, as m sheletal muscle
the enzyme phosphofructohmase 1s the rate
hmiting enzyme under these conditrons Un
doubtedly anoxa as mmtated by a decline
1 coronary blood flow 15 present under these

¢ ltnVim XUV Ag t108]
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ar this 1 d by a more
negatise oxidation reduction potential as eal
culated from the ratio lactate to pyruvate:®

The shift to an anaerobic metabolism and
to glycogenolysis and to the transient merease
m phosphorylase activity are the results of
quick adaptive reactions n energy produe
tion the actomyosiz band or thread lacks
this ability 1t 15 the flv wheel of the steam
engine without the steam generator

In the absence of mvocardial anoxia an
imereased rate of stimulation of the heart
produces mo alterations i either the con
centration of carbohydrate intermediates or
m the phosphorylase a actity (table 1)1
These results were obtained mn hearts mn situ
i which coronarv artertes were perfused
from a donor ammal Apparently the m
ereased rate of stimulation n the absence
of anoma fails to evoke the metabolic pat
tern described as typical for muscular con
traction An increase mn heart rate alone 15
not sufficient to stimulate the actnated
enzvme 12

Tikewise the increased force of contrac
tion for example as imtiated by anglo
tensm 15 without effect on phosphorylase a
actnaty 1 This enzyme therefore appears to
be activated only under the mfluence of
anoxta or catecholammes which has been
shown by Meyer and Voran and by Kukovetz
and others ¢ 12

The conclustons that may be drawn from
this discussion are of & speeific and of a gen
eral nature In the first plare whatever the
underlymg phy sical chemieal reisons may be
actomyosm prepared from falling human
heart possesses dimmshed contrachility This
adds some weight to the argument that the
fundamental defect 1 heart failure hes in
the organs of energy utilization It 15
trigumg to consider a eamsal relationship
between defectine protein synthess and di
mmshed contractility

In general alterations i function of the
heart that come 1nto pley upon rapid changes
mn demand are the result of the integrahion
of several diverse biochemical reactions m the

C eulaton Vol me XTIV A pust 1901
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Table 1
Percent Changes i Phosphorylase 4 as a Result
of Atral Fibnllation and of Ventnicular Fibnlla
tisn after Perfunion of the Coronary Artenss

At phoeph eyl
ot

At phosph ryla
toual S ot

£ E £ -
£ oma £ os

Exp Exp
13 1 17 e 0
446 4t 13 31 ;9
B 8 & 1 3 a7 88
% 4 46 0 10 43 38

Mean 345 325 ean 375 333 313
+£SE =5 =59 +SE £40 =45 =43

Left atnal appendage
1Right atnal appendage

cell which are regulated by the cell mem
brane and the substructures of the cell con
cerned with energy production The contrac
tile proteins are but following the lead and
command of those cellular elements con
cerned with energy production and those
endowed with the regulation of 1ome transfer
imto and out of the cell
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Increase wn the heart rate 13 accomjamed by a
rise tn the glucose 6 phosphate concentration of

left wentricular muscle The highest values are
found wn tentrienlar fibrillation

traction of the heart with well defined bio
chemical reactions In 1943 the Cors dis
covered the enzyme phosphorylase which
catalyzes the reaction glycogen + inorgamic
phosphate = glucose ! phosphate! The en
zyme exXists mn an active and w an inactive
form enzymes in musele can convert the
active mnto the inactrve form or can citalyze
the reverse reaction 2 Phosphory lase appears
therefore as an important enzyme m deter
minmg the rate of glycogenolysis mn sheletal
muscle Cor1 summarizing the effect of stimu
lation on phosphorylase a content of sheletal
wmuscle stated that mecreasmg the speed as
well as the total number of contractions
causes & progressively greater 1nerease 1n the
amount of actne phosphorylase however dur
g tetanic contractions the ratio of phosphor
ylase a to total phosphorylase dimimished !
An increased rate of strmulation of skeletal
muscle also results m major chamges 1 the
carbohydrate ntermediaries of the Embden
Meyerhof cycle Thus in anaerobie mus
cle, glycogen disappears while lactate and
Lexosephosphate accumulates, apparently
phosphofructohmase becomes the rate hmiting
step during anaerobie contraction! If the
response of the heart muscle and of skeletal
muscle 15 similar then the mereased heart
rate should result i glycogenolysts with
1 of glucose 6 phosphate (G 6 P)
and lactie acid 1t should also lead to an 1n
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Incred e the heart rate leade to a dimmnution
o myacardil glicogen coucentration dunng first
~ wunntes (mg /100 Cm amuscle) As compared
to heletal mu cle  qlycolysis ocenrs at much
Jaster rates of contraction @=Skeletal muscle
(Cort) ®=heart mu e

erease 1 the relative conecntration of phos
phorylise a to total phosphorylise This
supposition 1s correct but applies only to the
anoxie beart musele

Figure 7 allustrates that ventricular tachy
cardia with beats over 300 per minute and
ventrieular fibrillation first cause an merease
and then a dimunution in phosphorylase a
actraty 1 Sumlar results are obtamed 1n
atrial muscle during atrial fibrillation 13 The
merease folloned by the fall in active phos
phorylase can be explamed by assuming that
during the first seconds of tachycardia the
heart musele 1s stil alkaline favoring the
enzyme that synthesizes phosphorylasc a?t

The 1ncreased heart rate 1s also accompamed
by definite changes 1 earbohydrate inter
mediates * As 1n sheletil musele, the m
creased rate of contraction leads to an m
erease i Jactate and G 6 concentratton
and to a decline 1n glycogen (figs 8 9 and
10) This suggests that as in sheletal musele
the enzvme phosphofructohinase 1s the rate
Imiting enzyme under these conditions Un
doubtedly, ansxia as mmtiated by a deehne
1n coronary blood flow 1s present under these
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Chatrman Eiwchna Dr homgsberg does
ATP cause contraction of these early cells
either in the mononucleated phase or n the
3 or4 day stage when cross striations appear?

Dr Romgsberg The multinucletr ribbons
begin to contract spontaneously at about the
seventh day of culture By this tine cross
stnation 1 apparent These eontractions oc
cur however without the addition ot exoge
nous ATP

We have added ATP to the ,lycerol ex
tracted cultures and theve respond as one
would expect ot glycerol extracted models
upon the addition of ATP they contract You
start out with a eulture that 1s about the size
of a gquarter and get a dime 1 change

Dr Mommarrts Dr homgsberg it struach
me that some of the effects of nitrogen mus
tard persist over several days yet they leave
a substance m water that persists only for
about 15 minutes Is the mmpheation that the
cells are mfluenced during this short tume and
that this influence persists?

Dr Komgsberg Yes exactly We prepare
the mustard solutions immediately before use
and expose the cells for an hour although we
realize that this may be longer than neces
sary The first 15 minutes as you powmt out
would probably be sufficient We then replace
the nitro_en mustard solution with complete
growth medium What we measure subse
quently 15 the damage that was done during
those first 15 minutes

Dr DeHgan Dr Lomgsberg have you
ever redissociated the symeytia before stria
tions are formed from the glass and will they
form single cell suspensions agam?

Dr hongsberg The dificulty we have ex
perienced 15 that upon the addition of trypsin
to differentiated cultures we get clumps of
mterwoven multinucleated ribbons in addr
tion to free cells These clumps have thus far
resisted dispersion  If we remove the clumps
by filtermng the cell suspenston through bolt
1ng sk and plate the free cells we agan get
the formation of multmueclear cells~althongh
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they are sparse Several repetitions of this
procedure eventually yreld muscle free fibro
blast enltures

Dr DeHaan 'Well then do jou get the
mmpression that these symevtia once they
form do mot disaggregzate into single eells?

Dr homgsberg ™o I dont thunk so We
are not convinced that trypsin disaggregates
the multinuclear ribbons although Rinaldim
has suggested that 1t does (Ezper Cell Pes
16 477 1929) Godman and Murray (Proc
Soc Ezper Bwl & Med 8% 668, 1903) ap
plied colchiemne and noted that the multing
cleated cells broke up mnto smaller fragments
that later re associated DeReny: and Hogue
(Arck exper Zellforsch 16 167 1934) ob-
served contracting multinnclear cells that
gave off mononucleated buds durmg this pe
niod of contraction We think that a sumalar
breakd mto d el oc
curs during the early stages of muscle regen
eration The multinucleated musele cell may
represent a biologic metastable state that 15
completely reversible under the appropriate
conditions

Dr Fushman Dr Konigsberg would jou
be walling to say 1f you think that these obser
vations alse apply to cardiac musele? Have
these experiments been dome on cardiac
muscle?

Dr EKomgsberg My former collaborator
Dr Wilham Cooper 1s studyimng cardiac mus
cle 1 think that he will probably get Very
sumilar results  One question of mterest 1
whether there 15 a stage i developing cardiae
mu~cle corresponding to that of developing
shetetal muscle 1 which Tows of contimmons
nucler form I would suspect that this ar
rangement wouldn t ocenr 1n cardiae muscle
because 1t 15n ¢ @ true syneytium The nter
calated disc as I understand 1t 15 an aetual
physieal separation between what .
mally individual eells

Dr Pwhard L Klen (Jachson Mass).
sipp1) Do you see intercalated 4, .
bryonte culturest

ere ong
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v honigsberg We have worked only with
sleletal muscle I don t know *

Dr  hlan  (Jackson, Misstssspm) Dr
DcHaan 1 view of vour proposal of 2 dis
tunct cell ty pes 1 cardiogenesis vou are un
Joubtedly faribiar with the work of Fangc
Iersson and Tesleff Would you care to com
ment on the fact that myoeardinl cells when
cultured 1n tissue culture after trypanization
ipparently will show a typreal pacemaher
type of potentral up to 8 days?

Dr DeHaan Yes 1 am familiar with thewr
work®®t and 1t 1s very interesting I m glad
vou ashed this question beeause 1t g1ves mu
an opportumty to expand on the apparent
labhihity of picemaker function 1 immature
myvocardium  As you ve sug.ested elusters of
cmbryonie ventricular cells when 1solated
tissue eulture pulsate spontaneocusly and ex
lubit pacemaker prepotentials Recordings
taken from such clusters from 4 d1y hearts al
ways show duastolie depelarizition 3% In con
trast Meda and Ferrom®! have demonstrated
that stmilar recordings from mtact embryonie
ventricle 1n situ do not show pacemalker pre
potentials Finally Fange Persson and Thes
teff*® demonstrated that cell clusters from
8 day ventricle sometimes but not always ex
hibit pacemaker prepotentrals Thus 1t would
seem that m early stages of development cells
capable of functioming as pacemakers are
widespread throughout the heart but that m
the normal conrse of development their spon
taneous aetivity 1s suppresed or mashed
When subjected to culture conditrons they
onee agam exubit prepotentials Later in de
velopment that 1s at 8 days 1t would appear

that some cells have now been fixed as ven
tricular myocardial umts and have thereby
lost their abality to exhibit prepotentials even
under culture conditions This 1s the only rea

Since this symposium was held a mote has ap
peared deserib ng the development of eard ac muscle
cells from heaggregatel cell suspensions (Science
132 1839 1960)

tPeferences m Dr Dellaan s diseussion identified
by superior number will be found 1n ¢ Refercmees
at the end of ks paper

DISCUSSION

sonable explanation that I can think of at the
moment

Dr Mommaerts 3ay I return to the high
glycogen againf-~because that s still very
misterious You indicate, of course that this
Ingh glycogen males one think of glycolytic
metabolism But to explan 1t, 1e, the ugh
content e need a second fit that 15 some
form of periodie use because glycogen 15 a
storage food and we cannot understand 1ts
function unless there are periods m which 1
15 used and other periods 1 which 1t 1s resyn
thesized For example by antlogy, we find
starch deposited in the roots of trees during
the fat seison and then used during the

lean sprin, when leaves have to grow
Tter on starch 1s replaced Unless we find
similar periodieaty 1n the use of glycogen m
the heart we will be unable to understand
why 1t 1s there

Dr DeHaan This 1» a most interestin,
topie whil 1 have not worked on myself
However to add fuel to jour argument
Schiebler! states that the glveogen mn the con
duction system 1s more resistant to a period of
anoxia than 1s glycogen in the myocardium
that 1s even under prolonged periods of
anoxia glycogen disappears more slowly from
the conduction fibers than from the ventrien
lar musde On the other hand, the enzymo
logic information that I referred to earher
suggests that conduction tissue has a rela
tively Jow rate of oxidative metabolism These
are the observations as they now appear 1n
the literature Im afraid I eant go beyond
them

Dr Rhodin 1 should Ithe to hear a com
ment about the ability of the conducting sys
tem to contract Do you hnow of any studies
m which the conductrve cells have been raised
n pure culture?

Dr DeHgan No To my hnowledge the
culture of conduetrve cells has not been done
Tam 1n fact at present getting orgamzed to
do tissue culture and have considered attempt
m,, Just this projeet There 1re statements 15
the literature to the effect that the bundle
and bundle branches of some specres when
dissected out are relatively noncontractile
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even when stumulated Perhaps Professor
‘Werdmann would comment on this

Dr Wedmann Exased Purkinge fibers of
ungulates (sheep c2lf horse) usually do not
contract even when looled at through the
mieroscope although they may generate and
will always propagate action potentials How
ever by mereasing the cilcum coneentration
m the bathing fluid 2 or 3 fold an actien po
tential will mvariably be associated with a
vistble contraction [his indicates that even
the most differentiated conducting tissues
have retamed the potential for exciting a me
chameal response under suitable conditions

Dr Arthur H Briggs Dr Olson from
your studies of cardiac myosin m eongestive
heart failure do vou believe that your ammals
are i a stage of rrreversible fallure end
whether any new mnwights could be gamned by
giving digitalis or perhaps by releasing some
of the pulmonie stenoss?

Dr Olson In general e have not been
able fully to reverse this faiure either by so
dium restriction or by the use of diureties or
of digitahis We have done a few prelimnary
studies on the effect of digitalis upon myosin
150lated from the hearts of both normal am
mals and ammals 1 failure We have shown
that digitalis 1s bound to myosmn (Fed Proc
18 221 1959) Although the effects on the
protemn are variable there 1s one consistent
feature that 1s the digitals tends to make
myosimn more unstable This ma) have some
mphieations for our hypothesis If m fact
trimers are not so well utilized m the contrac
tile mechanism as monomers something that
wonld produce even disorganized fragments
of the polymerized myosin might concervably
be beneficial to the subject with heart falure

Another point 15 that with heart failure
resulting from trrcuspid insufficency and
pulmonic stenosis we do not have a good
model to test the effects of inotropi. agents
upon sodmm retention Stimulation of the
right ventricle to greater contrachlity with
digitalis usually further elevates the might
atrial pressure and may lead to further sod:
um retention We are gomng to restudv this
problem 1n ammals with primary left heart
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tailure which should give a better answer to
vour question and hopefully a clearer picture
of the effects of digttalis upon myosin

Dr Eis 8§ Benson (dMinneapolis Min )
One has a natural desire to defend one s work
to the hilt but there 15 also the need to be
objecttve Dr Olson has referred to our work
on actomyosin and on glyeerol extracted tra
becnlar mus le preparations from the chroni
cally faillmg heart In both of these prepara
tions one must realize that we are dealmg
with a rather unstable poorly characterized
preparatton subject to much inherent varia
bility

Dr Olson and Dr Bing present an interest
mg case for the existence of changes m the
myocardial contractile protemns in chromw
congestive heart failure I think that on the
basis of our experience m this field I would
urge an attritude of caution in drawing con
clusions pending further mvestigation

Dr Bing Dr Huslev based on vour work
on the shiding 1n and out of aetin and mjyosm
fibers what do you beheve 15 happenmg dur
mg prolonged streteh? After all the falmng
heart 15 stretched for a long time What hap
pens during chromie streteh?

Dr Huxley 1think that the dezree of over
lap of the filaments would obviously be less
when a muscle 13 working 1n prolonged stretch
In the parttcular model that I am supporting
I see no reason to suggest that the prolonged
streteh would be detrimental to the musecle
Beyond that I wouldn t say anythmng

Does anvone know the amount of myosimn
per gram of muscle 1 these failimg heartst

Dr Olson e haven t studted this i a
really quantitative way because our objective
was to obtamn a purified sample for character
1zation From the size of the preciptates at
vanous stages of purification however 1
would say that the difference between the nor
mal and the failing heart with regard to myo
sin 1s not marked

Is there any evidence Dr Huxley that 1n
chrone stretch the % band changes at all{

Dr Huzley As1say I haven t looked at
musele 1 chronie stretch

Dr Olson T ash this question because 3t
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seems posstble to me that some degree of de
polymerization msile the A band may be a
feature of & normal heart This depoly
merization could be 1 feiture of the orgamza
tion of the protein m the thich filament, ter
minating 1 the double strands of myosin
which protrude and show as ‘feet  If there
were stresses that might distort the A band
filament which I thinl we bave to aceept
now as a sort of organelle this distortion m
turn might cause internal chan,es in the state
of orgamization of the protein itself and re
sult 1 polymerization Ths is the kmd of
idea we have been speculiting about

Dr Huzley Is there any effect of chronic
stretch on any other muscle than heart

muscle !

Dr Olson Ve are m the process of study
mg that now in the rabbit and the dog We
are trying to extend the femur n such a way
that we can get a chromeally stretched ley
muscle for study It would be mteresting 1f
we could generalize the hypotbesis of poly
merization with chromie stretch to skeletal
muscles

Dr Vommaerts Before coming to my qnies
tion I must express doubt that chromie streteh
of sheletal musele oceurs under brwlogie eir
cumstances even it you put people on the
rach vou are only stretching their higaments
aren t yvou?

Dr Olson This 1s the reason why we have
to rely on the surgeon again The gross dif
ference between cardiac and skeletal muscle
1n the mntact orgamsm 1s that the skeletal mus
cle has an origin an msertion and a fairly

fixed range of motion.

Dr Vommacerts To start with a small
techmicality the molecular werght of skeletal
myosin n cur preliminary paper was 350 000
but 1 the final paper when we apphed 2 cor
reetion for concentration dependence of liht
scattiring  the waight inereased to 420 000
plus With the exception of one recent paper
by Harrington and Kielley (Biwchim i bio
phys acte 41 401 1950), where 1t has gone
up higher this value of 420000 to 430 000 15
now bemng found by just about everybody
Loth as a molecular weight and also as a bind

DISCUSSIOV

mg equnnalent for 1 molecule of ATP This
diserepaney will have te be explamned

I can only w1y that the data that Dr Olvon
has presented look eompletely convincng
There has of course been controversy on this
pomnt but what we have seen here leaves 1o
place for any other conclusion but that there
15 a different myosin in the fuling and n the
normal heart

Now as te his coneept 25 well as that of Dr
Bing~that thns difference 1n mvosms charac
terrzes heart farlure They are siying some
thing verv dufferent from what I sud vester
day when I stated that heart failure 1s a
disease of the force veloeity relation But this
relation must have a mechamism and, m
chronie eses this relition eould very well be
along the hines suggested by Dr Olson In
other words what sounded so diffrent 3 ester
day 1s only a difference of (mphasts and not
m 1y fashion a contradiction of the concept
that we have just hetrd

Dr Olson 1 should like to add 1 pomt
1bout the findmgs of Harrm ton 1nd Rielley
which gine a molecular weight for sleletal
myosin of abous 620000 Agamn this could
be an artifact of preparation I don t think
1t 1s an artifact of physical chemustry With
guamdine salts Harrington and Racllev have
been able to depolymerize their slelet1]l myo
stn mto 2 pirticle of 216 000 molecul ir weight
nhieh m particle s1ze matches verv clovely
the cardite myosin that we have ivolated from
the heart although the physical constants in
heate that 1t s more unfolded ¥t could be
that therr particle 1s the fundamental particle
m the myosm series of the order of 220000
m moleculwr weight In vivo tius particle
could grve rise to molccules with different
degrees of polymerization Some such poly
mers could be formed under pathologie con
ditions  We hnow that even more extensive
polymerzation can oceur n vitro as a result
of denaturation

Question from Audience Dr Olson 1
jour shide summarnizing the differences be
tween myosin obtained from normal and fan
ing hearts you included a statement for
ATPase actisity vou stated that this was not
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a sigmficant difference although 1t appeared
to be significant from here Would jou com
ment on this?

Dr Olson The yucstion was what about
the ATIase velues for the normal and farl
g heart? Actually the range of activity that
has been obtamed 1 the study of the normal
and faling heart 1s such that astatistu 1l anal
vsis of the 2 groups of values shows no sig
nificant difference It would thus appear that
the active site for ATI ase 1s not altered per
umt weiht whielt one mught assume 15 rea
sonable 1f the polymerizition does not mvolve
Imhages around the nctive site

Perhaps a morc mportant fact 1s that shel
etal myosin has a much higher ATPase 1 tiv
1ty That has been found consistently and 18
also true of the heavy myo 1 frigments stter
tryptic digestion

Another pomt of difference 1 that we really
cannot find heavy myesm fragments mn our
products of tryptic digestion ot cardrac myo
sin

Dr John Gergely (Boston Massachusetts)
Dr Olson has made an excellent case for both
the low molecular weight of normal heart
myosm and the lugh molecular w eight of myo
sin obtamed from fahng hearts However T
find 1t rather difficult to set awde the results
of Davis and his colleagues (J Chn Invest
39 1463 1960) at the Natronal Instrtutes of
Health and also those of our laboratory
(Gergely T and hohler H Fed Proc 16
18> 19,7) which consistently mdieate a mo
lecular weight of normal heart mjyosin of
around 450 000 I shou!d add that since we
used the light seattermg techme which was
preceded by extenstve centrifugation at lgh
dilution I cannot quite see how our prepara
tions conld have been contaminated with acto
myosin

Howeser setting this aside I should like to
make a constructre suggestion putting two
and two together that 15 puttmg together
what Dr Mommaerts said m one of his com
ments about their extremely mgenious method
of measuring ATP binding and the 1deas of
varous degrees of polymerization that Dr
Olson has brought up
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If Dr Olson 1s right then one should find
that m heart myosm the combimng weight of
mvosin with ATP 15 about 200,000 and this
would not be affected by the presence of any
small actomvosin impuritles or aggregation
e have made some measurements on the
binding of pyrophosphate (which can serve as
model substanee) to leart myosin and we
found that 1 mole of pyrophosphate combmed
with about 500 000 Gm of protein Perhaps
Dr Mommaerts would do these expermments
and by his techme we could have 2 quick and
decisive answer Naturally the fact that the
combining weight for ATP of skeletal mjosin
15 about 400 000 to 500 000 would scem to rule
out a sunple dimner pxture for the skeletal
protem

Dr Olson Ve have thought about these
studies Perhaps Dr ‘Mommaerts and I can
collaborate i apphving the firefly technie to
the study of this binding ronstant for normal
eardiac myosin

The problem of a difference m molecular
weights obtained for cardiae myosn 1n duffer
ent laboratorres may be physiologic rather
than physicochemical We have obsersed for
example that 1n normal amimals allowed to
suffer anoxia during the period of sacrifice
polymerization of myosin ocenrs and higher
particle weights are obtimed 1n normal am
mals If one allows time to elapse before the
heart 13 chilled 1n 1ce water at 1 degree one
finds changes that affect partile size 1 other
words there seems to be a very labile system
for post mortem polvmerization This should
be explored further

Question from Audience Could Dr Olson
comment further about the time element with
reference to the human stndies where studies
of heart myosin are done 2 or 4 hours post
mortem !

Dr Olson We all appreciate that 3t 15 ex
ecedingly difficult to obtain human cardiac
muscle shortly after death It 1s possible as
Dr Bing has shown that the actomy osin
fibral no matter how 1t 1s composed 1 Vitro
will eontract if 1solated any time up to § hours
after death What the size of the myosin
monomer 15 under these conditions of course,

J
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1s unknown I would doubt that it remains
unchinged for 6 hours post mortem Never
theless we are going to tryv to study human
«irdiac myosin under yarious conditions Pos
sibls we ean control the viability of the prepa
ratton by plotting 1 enrve of mitochondrial
phosphory lation or some other mdexs as evi
dence for the intaetness of the muscle and ex
trapolate to zero time

Dr Furchgott 1 <hould like to comment
agamn on this matter of whether there 1s a de
ficlency 1n the conservation of energy 1n the
high energy phosphate pool In my paper
yesterday, you may remember I commented
on the work of Drs Femstemn and Schwartz
on the hearts of guinen pigs 1n chrome fulure
due to aortic stenosis They found respec
tively a fall in high energy phosphates espe
eially ereatine phosphate 1nd about a 30 to 40
per cent uncoupling of oxidative phosphoryl
ation T was cautious about interpreting thewr
results and did not conclude that the fall m
efficiency of oxidative phosphorylation and
levels of high energy phosphate produced the
failure These defects may have come about
subsequent to 4 failure as 1 result of varions
other changes But I should like to stress that
if such defects are 1ssociated with failure
they wonld certanly aggravate the sttuation
making for an even worse condition of the
mvocardium than would have existed in themr
absence

I was mnterested to hear about the results
of the Russian workers which Dr Bmg re
ported Apparentlv 1n the Iater stage of fail
ure they too found a fall in creatine phos
phate Is that nght?

Dr Bing You are correct Durmg the first
stage (which thev eall the aceident stige)
when the heart dilates rapidly Drs Meerson
and Zayats observed a fall in ereatme phos
phate but no change in ATP A second dirm
nution 1n creatine phosphate and also a
decrease 1 ATP occurred during the final
stage that of gradmal decompensation

Dr Furchgott It may be equivalent to
what Femnstem finds 1n the markedly hyper
trophied hearts of gmnea pigs in severe con
gestive fallure

DISCUSSION

Dr Bing I agree with Dr Furchgott that
there are different types of mchanisms which
lead to heart discase Lach of high energy
phosphate mav be one of them Other situa
tions that mas start the deselopment of heart
failure may be truly metabolic such as oc
eurs 1n bertber: heart disease

Dr Olson I should just like to emphasize
Dr Furchgott that at least mn our etpen
mental preparation there s no evidence n
the state of advanced heart faure for any
decrease in CP storage The mitochondria mn
these amimals seem normal 1n vitro This 15 not
to say that one can’t get a mixed lesion, al
though I think even in the guinea pig there
has been a report by Placut and Gertler ( 4nn
New York Acad Se 72 515 1958) that mito-
chondria from guinea pigs in failure from
aortie stenosis do phosphorylate normally so
T think that 1t 1s posstble thit more studies of
chronie animals mav reveal a component of
anoxia resultmg from coronary ischemia This
15 Just a sug.estion but I think 1t 1s very
lear that one can hate cardiae failure with
out a change 1n oxidative phosphory lation

Dr Furchgott T agree that you could have
it All T m snving 18 that there mav be exam
ples of fallure—even chinical failure—m which
this 15 an additional aggravating factor I'm
not saving that 1t 1s the mihal canse of the
failure

Dr Olson Yes I have just 1 other com
ment about Dr Bing’s talk 1if I may with
regard to the Russian work on meorporation
of S35 methionme 1nto total protein An alter
ation mn the contractile proteins and 1 change
1m S35 methionime uptake are not necessanly
mutnalls exclusiie phenomena It may well
be that this abnormal protem does not turn
over so fast 1n fact we know that myofibrl
lar protewns turn over verv slowlv windeed

Dreyfus Liruh and Schapira (Biochem J
75 574 1960) studied the uptake of C gly
eme 1nto the skeletal myofibral 1nt the rat and
found the turnover to be remarkably slow
Further the slope of the 1sotope decay curve
suggested that the mvofibril 15 like a red cell
undergomg little decay but only dissolution
Further changes could occar m failure
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Dr Hurley 1 was wondersng 1f anyone
had tried to mahe heavy myosm from this Jow
moleculir weight and af so what does its
molecular weight come out to be?

Dr Olson We have tried st and failed

Dr Hoffman I wonder if Dr Bing would
elaborate & httle bit on the studs reported
from the Russians on the deereased wmesrpora
tran of sulfate into protem? Is st possible that
this ehange results m any wax frowm the al
tered nutritional status of an animal that has
had aortic stenosis for manv months and pre
sumably may have been near death at the time
of the study t

Then also on his awn data I sonder if he
would elaborate a hittle on the extent to which
thanges m phosphorylase activity ave related
esther {0 anoxsa or to the release of catechola
wnes? If 1t 12 pumarly anoxia hew much
anoxia iadependent of eatecholamiue action
4o 30u need to produce these changest

Dr By Meerson and Zayals have ex
cluded the possibility of the nutribional status
of the ammal as contributing to defective pro
temn synthess in heart muscle This they hav
done by showmng that the changes m protem
synthesis 1o heart muscle are not paraileled
by synthems of plasma protem As for Dr
Hoffman s second guestion there appears hitle
doubt that the changes s phosphorylase ac
tivity are relsted to anoma What role cate
cholamines play in this commection is mot
clear since we haie not performed any deter
wnations of catecholamimes under these eir
cumstances

Dy Paul P Cranefild {New York N Y}
If you do the same expermment that was men
tioned that of eross erreulation the heart
which 15 put mto fibrillation shows no deter
orating changes wm its electric activity and
the single-eell potential except for the changes
resulting from the fact that the rate 13 very
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V Elecirophysiology
Chairman Chandler McC Brooks, Ph D

Introduction

By CuanoLrrk McC Brooxs PhD

N\ THE closng session of this symposium

we are to consider a function that actuallv
precedes the mechanical contractile responses
we have heard so much 2bout The heart beat
ongmates 1n 1 pacemaker where spontaneous
depolarization oceurs Conduction of exeita
tion mvolves a transmission of this depolar:
zation over a speailized conducting system
and then ultimately to the baste contractile
fibers of the myocardinm

Dr Weidmann 1n starting the afternoon s
meeting will discuss membrane excitation m
cardiac tissue Dr Hoffman will then deseribe
the studies which he and Dr Paul Cranefield
have earried out recentls on the conduction
process 1n the specialized conducting tissue
1n therr paper we shall be turning back to
a matter that has been discussed at some
length by previous speakers I think that by

From the Department of Phymology State Um
versity of New York Downstate Medical Center
Brooklyn New York

the end of this symposium we shall sec elearly
that 3 or 4 major problems have been empha
sized One of them will be the problem of
transmission m the conducting svstem and
another will be the meimng of the inter
calated dise

OQur tlurd subject of the aftermoon will
bring us agun to the matter of contraction
thrs topie will also involve a discusston of
memhraue phenomenn

The final presentation of the dav will be
devoted to a completely new subject Dr
Hajdu will be concerned with materals that
affect the contrnetale process In brief e
will bemin thus afterncon with 1 new approach
to the problem of cirdize function then as
the afterncon progresses we will reconsider
topics that vou heard discusston of yesterday
and this morning  Our session will begin with
Professor Silvio Wexdmann of Berne whowill
deseribe the processes mnvolved m  Membrane
Exeitation

The Experimental Basis of Concepts
Einstein 8 fleory of relatmity the most magn ficent achievement of molern physcs
was suggested bv clo est alherence to experimental facts this 1s its strength We may
admire the grandeur of 1fs structure of thought anl the depth of ats leny but this alone
would never bave securel for it that firm positson 1 phys es nhich 1t enjovs tolny This
position was secured because 1t 13 able to evplan experimental ficts to foretell events
1t was the later confirmation of these events which made tlis theory great—II Re chen

bach From Copermicus o Einstewn

New York Philosophieal Library 194

pp 5152
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Membrane Exeitation m Cardiac Muscle

Ty sy Wemvasy M D

Tre eoutrdutiny 1 fe Turng tf
made 1t fo mible to state at olute
negitive t autsi ) wnlth o
Tle surface membran of A r
R aoms Dunng 4 tisste \a

1ot

measurel lanng the § glat g
pre ent 1 ttat woull gc ount to ti
repolanzation

T IS THF TLAN of the present surv v

10 be,mm with a deseription of the v
trieal eveats during cardie artiaty o con
fie with thewr ntcrpretation am terms of
the movements of 1ons and to close by treat
mg a more special problem  the possible Tea
sons fur the long Jasting action potentinl that
s typeal for cardiae musele

Intracellular Recording

Tt was m 1949 that Ling and & tad?d
working in Chier,o described a new tool that
stimulated electrophy siologie rese ixek m
most afl xts branches the ¢ yllary mieroelse
trode Twe people who bad been taught the
te hmie by Ling sers to heLome responsible
for extending the method from <heletal to
cardiac mu ele § W Woodbury then worh
mg at Sait I ke Citv and A L Hodghkm of
Cambridge Fustwd 1 ean well remember
the day of July Iuth 1949 Flaving learned
the mueroelectrode technie at Cmmbridge and
hawing been rather unsuccessful n prodding
around w different tisues of the fro. I be
rame & heart physwotegist by 2 fold chance
from 5 to 6 pm Dr Teldber, had demen
strated a Starlin, preparation to the medical
students and aliowed me to wut out the dog s
heart and ms wife agrecd that T need not b
home for supper at 6 30

Nov what 15 the 1diantaze of the new
teebmcd The smetion cJeetrode mtroduced

From the Defartment of Phymology Umversty
of Berne T eene S sutzerlanl

Sapporte] by grant 1977 trom the Ywias National
§ nce Foundation

C Wirow 3 1m XU 40 t0E)

It
shes for the eardae resting potential (90 mv
durmp activaty (30 me
tog e
adu 01 ¢ erease
proecss 13 thought to bu ¢ 31t ) f r explainiig the high membrave re
Do
t1nan hon

tars are § viesel Tntrwellular e ord oy has

snsde
wside positive to otside)

con sdered to to predcminately permeable to

aul h conduetince deereases The Jatter
tan ¢ that e

f30n1 wath cordiac muscle A hypothesss i3
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f the platean anl the beg nming of

and widels used by Schutz ¢ had revealed the
tume ourse of the cardiar action potential
with a farr amonnt of accuracy Only by the
use of the Ling Gerard electrode however
was 1t posnible to record the full smount of
the potential difference existing between the
side and the outside of a eardiae fiber

Figure 1 ilustrates the potential changes
that can be ohwerved when a muroelectrode
s mtroduced mnto a rhvthmieally driven prep
aration (sheep vemtricle) [he zero le
wr reference potential 18 first recorded he
tween two cxtraccliular elertrodes (see draw
mg upper nghtl  One of the electrodes then
i~ moved 1uto the preparation  Tonching «nd
penetrating the endocirdial Iayer can.es mt
aor potential changes (first avrow) The pen
etration of a muscle fiber by the efectrode typ
tseiond arrow) s signaled by the occurrence
of large potential chinges synehronons with
the contractions In diwstole the potental
diffevesce 15 eonstant (resting potential hyre
%5 myv ) On pulling bach the clietrode the
potential drops to the reference level When
siewed on a faster time base (fig 1 lower
records) the transmembrane action potential
shows an extremudy rapid upstroke (Imee)
followed by 2 pliteau aud 2 moderately rapd
downstroke (repolanzation)

The upstroke wonld eoineide wath thy Qrs
complex and the downstrohe with the T waye
of ¢ surfree ECG

The Dhstribution of Yons
In heart muscle asin other hving eells the
towe composttion of the wmside difters markeq
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0,4 sec

Iv from that of the extracellular space There
are different views on how the mnside compo
sition 15 mamntained 1n spite of the established
fact that the membrane 15 permeable to all the
tonie spectes that have to be considered (fi,
2) One of the simplest hy potheses 15 this
Na ioms leave the cell by some pump proc
«ss of an unknown nature Na outflux takes
place aganst an electrical gradient and a con

Resting_ cell

Figure 2
Dustribution of ions betueen the inside and the
outude of @ muscle fiver Exchange at rest for
rarious tons 13 mdicated with arrows of different
tength

2 msec

WEIDMANN

Figure 1
Upper  record  Iotential
changes as obserred durng
the wntroductim of a Ling
Cerard electrode mto o myo
cardial fiber The electrode
positions cr rresponding to the
‘zero  and (o the frans
membrane potentials  are
seen on the upper nght
Lower record  From the same
preparation at hgher sweep
speeds 1o bring out a single
dction potential (left) or e
mitial phase (right)

centrition gradient for thermodyntmie re
sons 1t requires metabolic energy Ik and Cl
tons may be looked upon as bein, passively
distributed  In the case of K 1ons the force
from the concentration gradient (outward)
would be balanced by the force from the elec
trical potential gradient (inward for & pos:
trve 1on) It may be stated that the ratio of
the K concentrations 30 1 (inside outside)
and possibly also that of the Cl concentrations
1 30 (1) are 1n good agreement with the
measured potential diffcrence of about 90 mv
(for references see Weidmann® and Hoffman
and Cranefield ¢)

The Movement of Tons

If the mner surface of a cell membrane 13
to become more positive as darmng the up
strohe of an action potential the positive
charge must be shifted from outside mward
Durmng repolarization on the other hand the
positive charge must leave the cell Identifi
cation of the ionic speeses that earry the
charge has been accomplhished on a quantita
tive scale for the giant nerve fibers of the
squd mamnly by the Cambridge roup ™
Fxperiments on cardrac tissue then reveated
many simlarittes (for references sve Hoffman

€ laton Vol m YXIV Awgust 1981



MEMBRANE EXCITATION IN CARDIAC MUSCLE 501

and Cranefield®) Thus 1t 1s generally agreed
that the movements indicated by fignre 3 are
responsible for the cirdiac action potential
mward movement of Na 1ons for depolariza
tion outward movement of K ions for re
polirization These shifts mayv be  passive
that 15 they mav be brought about by a suc
cession of permeability changes first 2 trans
tory merease of Na permeability then a sh ht
mcrease of Iv permeability

The state of 10n1c concentration differencis
represents stored emergy and mihes 1t pos
<ible for strong 1omic eurrents to flow durin.
the action potential At the end of actrvity
the mside of the fibers will have gamed 1
mnute quantity of Na 1ons and lost a sumilar
quantity of I 10ms If 1ome order 15 to be
maintained over a longer period Na 1oms must
be ejected and b 1ons accumulated during the
time between the two actron potentinls

Evidence for an Increase 1n Na Permeability
During the Action Potential

Since the work of Overton® 1t has been
known that Na 1ons are necessary for cardiac
excitation Figure 4® shows an expermment
of the type that led to the conclusions ex
pressed 1n the preceding section Replacement
of 80 per cent of the normal NaCl by (holine
ehloride—choline bemng a nonpenetrating 1on—
has the following effects (a) the resting po-
tential remains unaltered sugesting that the
resting membrane 15 but sparmgly permeable
to Na 1ons (b) the amphtude ot the action
potential and its duration decrease suggest
1ng that normaily there 15 an mward Na cur
rent durmng activity Furthermore the up
stroke veloeity of the action potential can be
shown to be roughly proportional to the extr1
cellular Na concentration® 1 suggesting that
during the mitial phase of actrty Na 10ns
are the main carriers of charge

The Plateau of the Cardiac Action Potential
In a nerve fiber the action potential 18
ended 1n less than a mlliecond 11 the mam
mahan ventricle activity lasts for a few tenths
Figure 2 cproduced from Deldze Crenlation
Research 7 461 1909 By perm smon of the Amen
ean Heart Assocmaton Inme

€ uwat v Iwm YXIV 4 guit 1367

Oepotarizat on Repotanizat on follow ng act v ty

Na
3
l | 1|
- N+ X +ff-Na
Figure 3

The shifts of ions lvading to the clanges of the
membrane potentiadl during electrical activt
Restitution of wuic gradwnts after uctnity

500 msec

Figure 4
Fusdence m favor of low Na pernieability at rest
and high “a permeability durmg actiaty Suc
cessive action potentials of the same fiber of
shoep ventricle The 1ascular bed of the prepa
ration uwas perfused first with normal Tyrode
solution then usth a test solution contmmng 1/5
of the normal sodwum The camera was opened
during the first 30 seconds after the admussion of
the Ma poor solution then ugain betueen 60 and
90 seconds (From Déleze?)

of a second During the plateau phase there
1 but httle change 1 the membrane potential
as a funetion of time a state which means
that inward current 15 almost equal to ontward
current A further analysis will be fael
tated 1f more 1s hnown about the membrane
resistance  Figure 5 shows (left) an exper:
ment performed on a sweet water alga Lept
1 Upsala tap water (method of resistance
measurements'!) Durtng the platean of jts
long lashing action potential the resistance 5
tow and a detailed analysis' of data from
the alga Chara has revealed that during that
phase a strong potassium nward current 15
balanced by a strong ehloride outward cur
rent VWith mammahan ventricular fibers the
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Yeum

Nitella  flexihs

Sheep heart

WEIDMANN

Figure &
Measurement of membrane
renistance  durng  actinty
Square pulses of hyperpolar
1 ang current were applied to
the preparation The result
g roltage change 13 a meas
wre of resistance Left Wath
Nitella flexilis, @ siweet trater
alga lou resistance on pla
tear  Riht  Wath sheep
myocardium, ligh resistance
on  platean”

reststance durmg the platean 1s relatively
hioh (g 5) This 1s an maportant finding
which mndicates that the increase of the Na
permeability causing the upstrohe of the ac
tion potential 18 at least partially reversed
while the permeability to other rons remams
constant or even decreases

Data of a more gunantititne nature have
been obtamed for Purkmje fibers of the sheep
heart (fiz 6) * The action potential of Pur
kinje fibers regularhy shows an mmtial spike
and thus a comparatively low plateau, as
a rule there 1s some potential drop during
dmstole whieh 1s typreal for all membranes

SO0 msee

Figure 6
Membrane resstance during actiity of & heep
Purkinge fiber for comparsson with figure 9
Relatue resistance 1alues are indscated for differ
ent phases of the action potential (From Ted
mann 1%)

Figures 6 and 10 reproduced from We dmann
tun New York Aead § 65 663 1957 By per
pussion of the Nen York Academy of Saiences

with pacemaker propertres The fizures at
twhed to the tracing indicate that the re
sistance 15 even Ingher durmng activity than
at rest

The behavior of the nerve membrane was
adequately deseribed by Hodgln and Hux
ley” with the <ud of a set of empirical equa
tions Brrefly 1t was assumed that depolan
zation causes a transitory nereise of Na con
Quetance (G ) and a long lasting but some
what delay ed imcrease of k conductance (Gx)
The merease of Gy would be responsible for
the mward current causing depolarization
the decrease of Gp with a simultaneous 1n
crease of Gg would provide the outward eur
rent eausing repolarization

An attempt to  produce a Purlinje fiber
action potentinl by applying the Hodgkm
Huxley equattons was recently made by
Noble' (fig 7)* In choosing appropriate
parameters the high membrane resistance of
Turhinge fibers during the plateru could be
sumulated only if Gy was allowed to fall as
a conscquence of depolarization The con
ductance changes computed by Nobles ma
clupe are seen 1n figure 8* G, Tses as 2
conscquence of depolarization after the o
1tial spike 1t settles down at about 8 times 1ts
resting value Gy by contrast falls as the driv
mg force for K+ outflux inereases

Figure 7 (left) reproduced from Draper and
Werdmann J Physiol 115 74 1951 ° and figures
7 (right) and 8 from Nolle Nature 188 495 1960°
Bv permission of tte Journal of Physiology and
of Nature

C owltan § Lm XXIV A guet 296¢
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400 msec
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m\(l) ;’\
~50 i \

— N
~100

|

400 msec

Figure 7
Left Recorded actum p t ntwl of & 1) Fu hwje fher (From Deaper and Wed
mann 1) Rigut Similar a ton prtential computed with the asd of the Hodghmn Muley

egustions (From %oble )

Convinemng evperimental evidence 1s avag
able 1 the case of the nerve membrane to
show that Gg rises as a comequence of de
polarization ™ 14 15 ymporiant then to pro
vide expermmental evidence for the sug,ested
drop of Gy i Puarlunge fibers With this
mtention membrane resistance was measured
over a large range of membrane potentils
To minimize the contribution of Na sons the
expermments were performed in cholne chlo
nde (Hutter and Noble ** Carmelet'™) to
eltmmate esen chionde sons as carrters of
charge a solution of choline acetylglycinate
was used 37 Under such experumental condi
tions the membrane current practically has
to be carried by XK ioms

Figure 9 reveals that the wembrane re
sistance corresponding to & mewbrane poten
tial of ~40 my (platean level) 15 mdeed 3 to
4 times higher than that correspunding to
-90 v (resting level) This 15 tahen to
suppest that the assumption of a low G dur
ing the platew 15 well justifed

wp /4

—00 356 .

roat

500 ¢

Figure 8
’1’\ Til:mprulcl action potential same as 1n figure

The Changes P ble for
\pplymg long puises of depolanizing cur
rent to a Purhinge fiber m a Na free solution
Hutter and Noble'® found a stow decrease of
t ¥ that was lete ot th
end of s few tenths of @ second This change

€ Wtom Vim XXKIV 4 gquet 1981

was started by )

» mbrane potental to ~50 mp P TI:zr::‘ fmzﬁ
of wmemyra ie cont luctance plotted on a Ingardhmy,
scale g denoies polassum con i faner Go
sodum conluctance The potassium anl sodyy,
eqult aum pote Lal were « 2wy —ppp "

+ 40 mr vespectitel;s (From Aptle #H)

um
and
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Membrana potential (mv)
Figure 9
Membrane re istance as recorded from a sheep
Purbinge fiber in a sodium free solution “ote
high vesistance (=low membrane conductance)
m the region of the normal plateau Effect of
K rich solution on membrane resistance Courtesy
of Dr E Carmehet Lowimn (unpublished)

nught indeed be responsible for repolarization
1f 1t 13 attributed to a rise of Gg thus result
g 1 a stronger outward current of Iy 10ns

The finding of a strong outward current of
tracer potassium (* K) durmg the phase ot
membrane repolarization'® would seem to be
1 line with the electrical data

Finally do we know of any possible reason
for which Gg might inerease as a function of
time when the membrane 1s held at a con

5 sec

Figure 10

Shortening of the action potentwl of a turtle
rentnicle owng to a rapd rise of the K concen
tration 1 the perfusate Potasswum-rich solution
s as made to flow wnio the coronary artery for half
a second, as indicated by the lowest trace Witk
a delay of 1Y seconds this snthated an early but
sncomplete repolanzation Voltage calibration lines
from 10 to 10 mv (From Wedmann 1)

WEIDVAM

Loz T

Figure 11

Effect of chlonide subsiitution on the durahon
of the action potential Sheep right ventricle
Upper record Normal Tyrode solution Lower
left Chloride 1ons substituted by acetylglycnate
Lower right Chlonde ions substituted by nitrate
Courtesy of Dr E Caymeliet, Louramn (unpub
hshed)
stant potential m the reron of the plateanf
In this connection let me recall that a rapid
rise of the extracellular K concentration m
duces & premature repolarization (fig 10}
One of the suggested mcchamsms for this ob
scrvation was recently tested by Carmeliet ™
He was able to demonstrate that an mncrease
1n the extracellular K concentration causes a
drop 1n membrane resistance that mas he m
terpreted as a rise of Gx (fig 9) The effect
15 most pronounced netr —40 myv 1e in the
region of the platean of the action potentral
of a Purkinje fiber

Furthermore Carmeltet’® measured the m
nd ountflux of radio k using extracellular so
lutions of different R concentrations He
vould ndeed establish that the rate of influx
s well 1s that of outflux became larger when
the outside K concentration was increased
agam suggestin, a rise of Gy

Tt seems not unlikels thercfore that the
platean 1s bronght to an end by the following
mechamism  (a) outflux of K 10ns during the
plateau (b) accumulation of K 1ons m a
narrow space around the fibers (c) mecrease
of Gx as a consequence of the rismg extra
cellular I concentration (d) increase in the
rate of h outflux This 15 a regenerative
process and mught well be responsible for
terminating the cardiac action potential

€ dat 31w XXIV A gust 196)
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Physiology of Atiioventricular Transmssion
by Brravy T' IorrasN, M D

This paper deseribes rucorls of the transmem! ranc action potential of fibers from different
parts of the specialized conducting system anl el etrograms recorded directly from these
fibers 1z situ On the basis of tlese records 1t 13 possible to deserabe certain physiologie
mechamsris for conduction delry tlock ani supernormal conduction In general impmrel
conduction 313 associated with a reduced level of membrame potential, This may be
caused by incomplete rerolarization or prrtial depolamzation In the normal conducting
svstem local differences in aetion potential duration and Jocal pacemaker netiity most
frequently are the cawse of a lon membrane potential In disease states on the other hani
many other factors may be operative At the atril margm of the atrioventnieular (A V)
node local anatorue and electrophivsiologic properties of the fibers normally cause o very
low conduction veloeaty The sifety fietors for conluction here appeir to be quite low
and delayed transmission or block often docs not result from refractoriness or partial depolan
zation of nodal fibers Supernormil conduction at least an Purkinje fibers scems to result
from the high level of membrane potential reached at the end of repolanization Whether other
factors are responsible for supernormality within the A V node remains to be seen

URING the normal cardiac cycle, elee

trical actimity originates m some part
of the sinoatrial node and spreads to the
atrium and thence to the atrioventricular
node After some delay activity then spreads
through the bundle of His the bundle
branches and the peripheral Purkinje fibers
and finally reaches the musculature of the
ventricles In the normal heart activity that
15 1mtiated 1 some part of the ventricles
can spread 1n the reverse direction along this
same path However under a wide variety of
abnormal conditions etther sequence of events
may not tahe place Atrial 1etinity may be
deliyed excessively at the atrioventricular
node or may fail to excite the bundle of s
Activity that does traverse the atroyentricu
lar node mav be delayed or blocked in ats
passage through the speeialized conducting
system and this delay or bloel may be local
1zed to one or another anatorme subdivision
Also umdirectional conduction delay or bloch
may be observed Fimally most and perhaps
all parts of the specialized conductron system

From the Department of Phy jology State Um
versity of \ew York Downstate Aedieal Ceuter
Brooklyn New York

The ongintl studies were supported 1 part by
grants from the New York Heart Assocition and
the American Heart \ssociation and by Grant 1T 3916
from the Umted States Publie Health Serrice

may at times develop intrinsie rhythmerty
and such ectopic pacemakers maj compete
with varyng degrees of success with the nor
mal sius pacemaher

A large number of comprehensive studies
of normal and abnormal atrioventricular
transmusion has been carried out by eareful
analysis of the clectrocardiogram These
studies have provided 1 fairly detailed pie
ture of the physiology of the various parts
of the atrioventricular (A V) conducting sys
tem, however the evidence in most mnstances
has been somewhat indirect This 15 so bueause
electrical actrvity of the A V node the bun
dle of s and the Purkinje fibers 15 mot
recorded dircetly m the conventional electro
cardiogram However 2 methods can be
used to demonstrate this electrical activity
through an intracellular microelectrode one
can record the ehange in trinsmembrane po
tential associated with activity of a fiber from
any part of the heart wnd by memns of
small electrodes placed dircetly over %arous
parts of the specrahzid conducting system
one e record the loeal electrogram of the
underly ing structures

We have employed these 2 technues to study
certamn aspects of the electrophysiology of
fibers 1n the A V node the bundle of His
and the Purlinje system and to obtan some
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FHYSIONOGY OF ATRIOVENTRICLLAR TRAINSMISSION i
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what more direct mformation on the physio xngmo:c:!b;h: ::eac&:’wd Conducting System
¢ Seques

logie mechamsms responsible for certun div
tzgrbaunes of ::H; tmﬁsmmmﬂ Frepermments The ¥t seuenre of activation of the spr
usmg microrlectrodes were ¢ arried out on 30 ilized condurting system n canine hearts
lateda preparations of rablut or camine hearts hus been determmed by several mvesti ators
The methods hase been drserthed elsmwhere from bipelar electro.rams recarded by means
n detal!  Ele trograms were recorded dt ot eleetrodes closdy placed over the bundle
reetly from yarious bpartg of the spec talized of My the i ht ”",d LIt Bundle branches
conductimg system of cane hearts i ssfu and the perphersl Parkange tibers aod from
wsing sma.;l ele trodes that had b en attached wmpolar flectre,rams reeorded by way of
to the endocardmm Jdurwg total cardiwoput clnctmx‘i‘es m elos pmx{rgxtv to the AV
MOnars bypiss 3 The expermen~ sere aeuls nods =¥ Tu fi.ures X ind 2 are several such
1n <ome mnstane s 10 others rerords were oh traemgs record +I simuttaneoysly with astang
tamel from healthv ansmile in which elec avd lmb lexd lectrocardiogram A fawrly ge
trodes had heen wnplanted previously ¢ curate estimate of the instant during the

T waton Tol m YNV Awguet 1987
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BH (e 4 4 ﬂ____ Figure 2

K [ R Top  Bapolir  clectrograms

i i recorded through chronseall

o mplanted  electrod o from
PP]J I Mla N, right atraem (R 1) bundle

L W WITTT of e (BH) right Purhinge

fiber—papillary muscle gune
ten (113) Teft rentnlr
(IV) and a tanderd lesd 11

electrocardiogram Deflections
are labeled as follows 1
atriem I bundle of Iis

eral Furlinge fiber M pip

-/ § septal muscle 1 periph

dllary muscle Lot frequency
components are filtered from
the second third and fourth
traces Time lnes at mterials

of 40 m er
Bottom Bupolar electrograms
recorded during am acute

located on the right atrum

J expersment through electrodes

over the bundle of His the
Zeft bundle branch (IBB)
and the peripheral Purlmje
fiber papillary muscle junc

\ tion Def are Tibeled
as i A Tume Lines at nter
tals of 40 msec Low fre
quency components are filtered

.

eardiac eycle when atmal actiaty reaches the
A V node can be obtained by noting the time
at which atrial depolarization 1s recorded
through leads located either over the bundle
of His or below the ostium of the corenary
sinus (fig 14) From such records it 1s ap
parent that the AV note 1s excited early
durmng the P wave of the electrocardiogram
The time required for activity to traverse the
node can best be determmed by recordmng he
onset of propagated activity 1n the upper end
of the bundle of Ihis This approach 1s neces
sary beeause the electrical actrvity of the AV

h from all traces
™M b‘J

nodal fibers 1s not easily demonstrated yu sur
face electrograms ¢ 11 Umipolar records from
the node show a slow predomantly positive
deflection of low voltage (fiz 1B) however
it 1s hikely that in many nstances this de
flection derives 1n part from currents assocl
ated with repolarization of nearby atrial
muscle

Electrodes located over the bundle of His
on the other hand clearly signal the arrnval
of propagated depolarization m this structure
The electrogram deflection resulting from ac
tivity 1n the upper part of the common bundle

C laten VIm XXIV A g ti1ter
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Figure 3
orded from sngle fibers of atrium (A) wupper
node (B) md and lower node (C D B) and upper of His bundle (F) Upper trace

Transmembrane action potentials re

represents a Line of zero potentedl anl

tom  calibration (dots) w wnterials of

10 and 50 maee Voltage calibration m A from above doun shousm my —50 and —100
Overshoot tm (A) 13 larger than that commonly ree rded (From Hoffman et al*f)

usually designated bv the letter H  appears
during the first half of the PR mterval
Tdentification of the complexes resulting from
actinty m different parts of the speciahized
conducting system often 1s facilitated 1f low
frequency components of the tracing are fil
tered This desice allows the use of hugh
amplification to imcrease the relative magni
tude of the rapid complexes that result trom
achivity 1n the bundle of His or the Purkinje
fibers It has been employed for the Tecords
shown 1 many of the ilustrations 10 each
mstance the filter settmgs of the preamphifier
are noted m the legend The tume reqmired for
AV nodal transmussion n dogs determmned
from records hke those i figure 1 ranges

Coaton Vim YXIV A oust 1981

from 40 to 50 mwec These findings have been
the same both 1 acute expertments and 1 am
mals with chronically implanted electrodes *
The electrogram recorded from the bundle of
His varies somewhat m configuration and tim
mg depending on the location of the elec
trodes ¢ however during normal A V trans
mssion 1t 15 apparent that excitation of the
various fibers 1 the common bundle 15 quite
<vnchrenous

Records obtamed through electrodes located
over the right or left bundle branches the free
running Purkmye fibers in the false tendons
of the left ventrile and the peripheral Pyr
lange fibers at therr Junction with the papy
lary muscles of the left or right ventricle can
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Tigure 4

Draxings of transmembrane action potentials re
corded from the following sites from above down
sinoatnial wode atrim  atrioventmcular node
(atrial smargin) bundle of His left bundle branch
Lurhinge fiber 1 a false tendon termnal Purkinge
fiber and tentricular muscle fiber MNote the
sequence of actnalion at the tarious sites as
well as the differences wn the amplitude configura
tion and duration of the action potentials (From
Hoffman and Cranepeld?)

be employed to tnne the onset of actiity m
these structures (fix 2) At ewch loeation
the rapid deflection resulting from aetiity
1in the Purhmje fibers can be identified

since the recording electrodes are located
progresstvely closer to the ventrieular ter
mmals of the speeialized conducting system

the 1nterval betsween tins rapid deflection and
the slower activity caused by depolirization
of ventricular muscle decreases The earltest
activity recorded from the right or left bundle
branches appears shortly after the mdpomt
of the P R interval that obtained from elec
trodes located at the Purkmje fiber~papillarv
musele yunction often 1s synchronous with
the beginmng of the imtial deflectron of the
standard electrocardiogram  Electrodes lo
cated at appropriate sites on the endocardzal
surfaces of the ventricles record the local ar

HOFFMAN

rival of depolarization 1 the subendoc irdial
Purkinje fiber network as small rapid deflec
trons that precede local ventricular activity
by an nterval of a few mlliseconds
Conduction Velocity

Witen the tune n the cardite eyele of elec
trograns recorded from each part of the spe
aalized conductmg svstem 1s considered 1n
relation to the distance between recording
sites 1t 1s apperrent that conduction velocrty
varies consrderably durin,, the spread of the
1mpulse from the atria to the ventricles Ex
tremels slow propi.ttion through the A%
node has been postulated for many vetrs re
cent studies of perfused dog hearts! and 1so
lated preparations of dog and rabbit heart !
have shown that, at the atrtal margm of the
node the conduction velocits apparently falls
to the extremely low vilue of 003 N /se¢ ot
less During normal AV trinsmnsion the
major delay 1n proprgation 1s localized to the
atrinl mar.in of this structure Withm the
node conduction telocity 1nereases progres
sively and n the bundle of IIis attams 2
value of 10 to 15 M fsce 1® Tt s likely that
the rapadaty of sprevd of the mmpulse mcreases
progressively tonard the periphery of the
common bundle Measurements of conduction
veloeits 1 the free runming Purkinge fibers
m the right and left ventricles of cammne
hearts obtained during etrdropulinonary by
pass give values for conduction velocity rin,
mg from 3 to 4 M /sec  In the fine termmnl
ramifications of the Purkim)e svstem conduc
tion veloaity decreases and m ventrreular
muscle veloaits 1 approximately 1 M /sec
Durm,, retrograde actimvation which resulis
from premature ventrienlir activity late 1
the evele or from an alioventricular prce
maher firing at a low frequency there 15 10
demonstrable change from normal 1n the con
duction velocity m the Purl mje fibers and
the bundle of ¥is Retro,ride trinsmsston
from the \'V node to the atrrm 1s slower
than that recorded during normal tetraty ™
and again the delay appears to be localized to
the atrmal margin of the node During such
retrograde activatton of the speeralized con

€ 1t bim XX A gut 1961
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Yigure 5
Transmemlrane action potetal re ri { {oum wgle fibers of the atrl margin
of the atrioventricular node rupper ten f aid Tun fle of Has (lower trace) an an asclated
1 reparation of rabbit heart A Comt 1 B F ¢ [aeiylcholine added to perfusion
fouid Note prosressine mrease w slurring il nctehing of upstrole of nodal potential
(BD) normal nodal a twon ; teitrd can ed by retrogrile actuatwn (E) and

[ragmentatian of nodul respon e 11} ind b

de Canalho 2}

duction svstem Iocal fJectrograms roveat 2

chan_es The complix recorded from the bun
e of His may show some sh,ht a<inchrony
of actrvation of varwus fibers ot fiber groups
tha the complexes recorded from the region
of the A\ uede <how a deflection that 13 not
obsorved durmg normal transmision® nd
that may represcnt slow or delmved ach whion
of ateial fihers at the atrionodal Junetion
Transmembrane Action Patentrals of Different
Fibers

Probably the most useful record of elec
trieal actrvsty of eardiac fibers s the record
of tran membrane potential obtamed through
an mtracellular m roelectrode Transmers
brage action potentials have been recorded
from smzle fibors n jsolated preparations
taken from It parts of the sprerelized con
Auetm, «istem?  Unfortunitely 3t has not
Jet been posstble to obtam sich records from
the heart m sitw Alwo althou,h the periph
ertl Purhmge vy stem of the adult caning heart
hos been studhed ritensnely manv of the

Lr o lation Yt YNV A g € 1960

(From Cranefield Hofman, and Paes

records from the bundle of His and A ¥ node
liave been obt uned from the hrarts of rablnts
or pupptes  This resort to small apmmals 3
an outtome of the large mass of thes. struc
tures i the adult dog beart whuh presents
adequate perfusion of the wolated tissueo
Nevertheless 1t 1s possible {0 present a rea
sonably complete picture of the electrieal ac
tnits of the ungle fibers present m each of
the major subdivisions of the conduetmg sys-
tem
The A V Mods

Tr: brine action 1 rded
from fibers Ioratel 1n different parte of the
AV node are compared to a record of an
atrial transmrmbrate actien potential fig
ure 3% Several dufferences are apparent The
resting potential of the nodal fibers 15 lower
than that of the atrium the rate of rse of

Figura 3 reproduced from MoCmwan et 2} Gire
lation Pescarch 7 11 1922Y By permusnan of ibe
Amencan Heart Association Toe
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Tigure 6

Transmembrane action potentials recorded from
single fibers of the atrioventricular node (upper
trace) and bundle of His (lower trace) of an
wsolated preparation of the rabbit heart A Control
BD after addition of acetylcholine to the per
fusion fand B G during washout of acetylcholine
Vote the small depolars ation of the nodal fiber
resulting from atral actiity and also from actw
sty . the bundle of His (arrows) These
subthreshold depolarizations summate (D) and
elicit a nodal action potential +f of sufficient amph
tude (as at x wn E)

the nodal action potential 1s much less and the
overshoot 1s reduced in amphtude At the
atrial margm of the node records of trans-
membrane action potential often reveal one or
more steps or notches on the upstroke! 14 13
The recorded electrical activity differs in dif
ferent parts of the node ! the characteristies
e d are most p t at the atral
margin and become less pronounced 1n records
obtamed from fibers located closer to the
bundle of His The duration of the action
potential 1s greater m the lower node than
at the atrial margin of tlus structure and some
slow drastohie depolarization 1s present 1o all
records Studies of conduction veloerty within
the node! 16 have shown that extreme slow
ing 18 present only i the fibers at the atmal
margie 1e n those fibers whose action po-
tentials show the lowest rate of rise and lowest
amphtude Both of these properties of the
nodal action potential—reduced amplitude and
low rate of rise—would decrease conduction

HOFFMAN
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Figure 7

\ Transmembrane action potentials recorded from
atriorentricular node (upper trace) and atrum
(lower trace) of puppy heart showwng changes »
nodal action potentwal caused by hgh rote B
Similar records recorded from a different prepa
ration In this ezperiment the nodal action poten
tial 13 recorded someuhat closer to the louer node
and the perfusion flusd contans a low concen
tration of acetylcholne The first action potentsal
13 the last beat at a slow vate the subsequent
potentials are caused by a rapd draing rate
Vote the distinct step on the upstroke of the
nodal action polential

veloaaty It 1s not known whether the ex
tremely slow propagation of actraty n thiy
part of the node results maimly from the char
acteristies of the action potential or m part
also from the anatomie and passive electrieal
properties of the fibers AV nodal fibers m
camne hearts are 6 microns or less i drame
ter!” and n some areas have branches or
extensions that are still smaller ¢ In small
fibers other factors bemng the same conduc

tion veloeity 1s reduced because the resistance
to flow of current along the axis of the fiber
18 lugh Accurate measurements of the mem

brane resistance and capacity and the thresh

old potential of fibers at the atrial margin of
the node have not been made and thus it 1
mmpossible to evaluate the extent to which
the unusual action potential and conduction
velocity depend upon these properties How

€ evlation Vol m YXIT A4 o ¢ 1901
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Figure §

Transmenibrtne actorm potes

D e \ U\ W\ &

fials recorded from an 1s0

lated canine Purlwnge fiber Y SN RELEANY \\ \‘\ \\
thowing the chauge wn con - [OUU UV L v

figuration and ampliule of

respmsesto depclars oy gl \E T Y
rs apphel at varvus fimes —
— e -

during and aftee repolirs o
ton Upuard voltsge stepan A repre nl

erer even 1f one assumes that they ar 1 v
the s1me as in other cardiac fibers the 11
factor for transmisston 1n this part of th
undoubtediy 14 reduced
The Bundle of His and the Purkinje Fibers

The action poteutral recorded Fram 4 tud
ler m the bundle of Hos of the ribhit be o ¢
contrasts quite markedly wath the nodd
tion potential (fics § and 4*1 The ristiig
Potential 13 hugher the upstrohe of the utwn
potential 15 rapid, and the amplitude 1 o gt
er The duration of the action potentssl 1
moreased and sfon distolic depolarization
% mimma} under ordmary conditons  Th
Tapd depolarization and .ood amplitude of
the action potentrdd n combemation with the
sreater diameter of the fibrrs updoubtedhy
are responaible for the inercase 1 <ot duction
1elo ity as autraty spready anto ths structurs
Action potentials recorded from Purkinye
fibers 1 the bundle bramches and persphiral
branches of the conductin,, sistem show other
han,es There 15 a further ierea e 1 raie
of r1se and a small wercase m the amplitude
of the action potential in the bundle branches
and false tendons and then a proxressie de
erease 1n the termunal Purhinge fiber netvosh
The duration of the action potential also 1
ereases with mereasing distance from the com
mon bundle and then decreas s as the yuncton
of the Purkinge fiber with sentrseular muscle
15 approached (fig 4) Diastohic depolariza
uon 13 progressiely Jess marhed in record
obtamed from more peripheral fibers  Com
Parative data on fiber chameter aud frequen

T e e e

Figure 4 reprodu ed from Hoffman and Cranefield
Electsorhysiology of the Heart® By permission of
the MG aw XU 4§ Book Company

€ sltew ¥ m X1V 4 puat 2981

I

4 « g per t u ¢ al mtervals of 200 meec

t brapching at different lowations m the
I 1t 1 # ssst m are not available It s Iikely,
s v ser that both factors (large diameter
nlnir quent branching) contribute to the
b -h omluction veloerty m the false tendons
it the extreme periphersy of the Purlange
« tem vecords of the transmemuvrane action
r tental show all gradahions between a typr
« 11 Purkinge fiver actien potential and action
pitentials of ventrsenlar muscle fibers It 1s
rea onable to assume that this tnding results
trom a progressiie change w the membrane
properties that parallels the gradual change
m hstologie strueture ™  Aection potentials
recorded from ventricular musele differ from
those of the Purkinje system primarnily
that the rate of rise 15less the amplitude and
duration are somewbat less and there 15 &
steady level of membrane potential durwmg
diastole  Ventricular fibers are smaller 1
chameter branch more frequently and con
duct at & fover veloaty than do Purluinge
fibers
P 1 Ba 13 for D; In Cond
in attempt to present 1 detaled descrip
tion of the phssologie mechanisms responstble
tor anv of the disturbances in AV transmis-
ston observed in the elinte certanly 15 pre
mature On the other hand 1t 15 posstble 1o
de eribe the changes sa elutrial aetivity that
hase been observed i assortation with expert
mental conduction disturbances and to wds
cate the extent to whirl these changes mught
cause certaw electroesrdiographie alterations
Disturbances of AV Nodal Transmission
Records from nolated preparations of A ¥
nodal tissue of rabint and dog heart have shawn
that most changes in conduetion through the
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- TFigure 9

Transmembrane action potenticls recorded [rom
single fibers of Purhinge system (upper record)
and ventricle (lower record) wn an isolated prepa
ration of canne heart Time calibration betueen
records shous wnterrals of 100 msec wertical bar
at left shous woltage calibration of 100 mv Up
strokes of action potentials hare been retouched
uwath dashed Iimes

node and most mstances of block are assoer
ated with altered electrieal activity of fibers
at the atrionodal junction * A typieal ex
ample 1s the delay and block of nodal trans
mussion caused by acetylecholme Action pe
tentials recorded from fibers m the lower node
and bundle of His show only those changes
that are produced by the acetylcholine m
duced change 1n frequency ¥* Transmembrane
aetion potentials recorded from nodal fibers
at the atrial margin on the other hand are
profoundly altered Under the influence of
acetylcholine the action potential upstroke
becomes slower and more notched and the
action potential decreases in amplhitude (figs
5% and 6) Often 1t 1s replaced by 1 or more
small depolartzations that vary in size and to
2 greater or lesser degree undergo temporal
summation Delay and failure of transmis
ston undoubtedly result from these chan_es
however the exact cause of the changes noted
15 less certam

During complete failure of AV transmis-

Figure 5 reproduced from Cranefield et al
Cirenlation Research 7 19 19,9 By permission of
the Amencan Heart Association Ine

HOFFMAN

ston owing to acetylcholine, activity originat-
g 1n the bundle of His and propagating back
to the same nodal fibers elieits an action po
tential of good amphtude (figs 5 and 6)
Moreover the upstroke of this action potential
often 1s free from slurring or noteching even
when these changes were promment during
normal AV transmission Although direct
measurements of threshold are lacking some
estimate of the effect of acetylcholine on ex
citability of the nodal fibers can be obtamed
from an mnspection of records similar to those
1n figure 6 The small depolarizations recorded
durmg partial block show temporal summa
tion comparison of the level of depolarization
caused by such summation which 1s just suf
ficzent to cause propagation through the node
with the level of membrane potential at which
the action potential shows an abrupt transi
tion from slow to rapid depolarization sug
gests that the threshold potentia] 1s not much
changed by acetylcholine It does not mnerease
the resting potential of fibers in the A \ node
as 1t does 1n the sinoatrial node, this observa
tion at least does not give any positive sup
port to the possthility that acetylcholine causes
block by decreasing membrane resistance of
nodal fibers The block caused by acetyl
choline thus appears to result from the failure
of the fibers at the atrial margin of the node
to develop an action potential and this failure
15 assoctated 1n some way with asynchronous
excitation of these fibers Both the failure of
excitation and the asynchronous exeitation
may be due to the action of acetylcholine on
the atrial fibers at the atrionodal junetion
Action potentials recorded from them are
preatly decreased 1n amphitude during acetyl
choline induced block This may be caused
by the effect of acetylcholine on potassinm
permeability which 1s known to occur mn atrial
muscle a greatly enhanced K+ efflux may
partly cancel the depolarization caused by an
mward Na* current 2°

Disturk of AV tr caused
by premature atrial beats or a rapid atral
rate are assocrated with somewhat different
changes 1 nodal action potentials At the
Vol m XXIV A guet 1981
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Figure 10
A and B Transmembrane
action  potentials  vecorded

from an wsolated Purkwnge
fiber-papsllary muscle prepa
ration of camme heart Extra

AN N

systoles mn the papillary mus

cle (lower trace} excite the
Purkinge fiber at rarous
Tevels of membrane potential
during repolars ation and ehic
st esther premature action

s W\ YA

or local resp

(last action potentuals n B)

C Transmembrane dactwon po
tentials recorded from an 10
laved preparation of camne
Purlunge fibers Marhed pace

¢ UOUVVAUAT

mal er actsvatn has been induced by an excessie con entration of digitalis Extrasystoles (arrous) eaused
by test pulses contrast marhedly . terms of vate of vu e and ampltude of the action potential wsth the

action pofentials of wmirmsic origin

atrial margin of the node the amphtude of
the transmembrane action potential 13 reduced
and the rate of depolarization 1s slowed (fig
71) Vhen thewe changes are extreme records
from fibers 1n the lower node may show a slow
steplike depolarization of considerable dura
tion preceding the local action potential (fig
7B) Durmg failure of transmission only
the graded steplthe depolarization 1s recorded
Bloch caused by agents such as dimtalis or
quimdime 15 associated with simdar changes
m nodal action potentials'® During block of
retrograde umpulses that reach the node the
failire of conduction most often 1s localized
to the atrionodal junction Also actwn po-
tentials recorded at different sites within the
node are different during normal and retro
grade transrmssion 1% the change 1s 1 the
mitial segment of the upstrohe and probably
15 elated to the anatormu arrangement of the
various fibers
Defay and Block Within the Bundle of Bis and
Bundle Branches

Experimentally produced conduction dis
turbances withm the bundle of His and bun
dle branches most often result from 2 factors
local diffrences 1n action potential duration
and/or the presence of slow diastoli depolar1
zation assoclated with latent picemaker ac

€ culation VI m XXIV A gust 1961

tivity  In both cases the failure of normat
conduction results direetly from the low
membrane potentral ! If the transmembrane
potental 1s reduced because of erther meom
plete repolarizahion or local pacemaker ac
tinty the rate of rse and amplitude of the
action potential are decreased (fig 8) The
altered action potential may propagate at a
reduced veloeity or may constitute a purely
local response If the reduced conduction
veloeity persts the adjacent membrane to
repolarize completely the slowing of econdne
t1on may be localized to a small segment of
the conducting system If on the other hang
slowing of conduction 15 caused hv diastolie
depolarization ad)acent areas of membrane
wil have reached still lower levels of mem
brane potential and decremental conduction
and block may result

lock av 5
3; :mcnu::;m c\;:ctlun ot Purkinje Fivers with

During A V transmussion block at the June
t1on of Purkunje fibers with ventrenlar muxle
fibers 15 unlikely for several reasops The
transition from the larger Purkinge fibers to
the smaller muscle fibers 15 gradual and thus
there 13 not an abrupt imcrease 1n the ares
of excitable membrane Also the duration of
the ventricular action potential 15 ronuder
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ably less than that of the Purkinje fibers n
adult mammalian hearts (fig 9) Hence the
hikelihood of a premature impulse reaching
the ventricle before 1t 1s fully repolarized 1s
reduced However, premature depolarization
of ventricular muscle may be delayed or
blocked at the junetton with the Purhmje
system (fig 10 A and B) and the impulse
may propagate at reduced veloeity for a eon
siderable distance Although a conclusive ex
perimental demonstration 15 lacking 1t 1s like
Iy that excitation mav enter some branches
of the Purkmje system and fail to enter
others Whether this would cause local re
excitation of the ventricle has not yet been
determimed

Bupernormality

The term * supernormality 1s used with 2
meanings m descriptions of cardiae excitabili
ty 1t may refer toa reduced stimulus requre
ment or 1t may refer to conduction that i
either faster than expected or takes place
under conditrons that might be expected to
cause block The cause of both forms of super
normality 1s clear from studies of transmem
brane action potentials#* 2 Enhanced exeit
ability 1s found durmg the terminal phase of
repolarization howeser the action potential
elieited at this time 1s reduced in amphtude
and propagates slowlv A supernormal phase
of conduction 1s observed in fibers which are
partially depolarized or mn which there 1s
appreciable diastolic depolanzation In such
fibers membrane potential reaches its highest
value just at the end of repolarization An
action potentral elieited 1t this moment will
show a higher rate of rse and greater amph
tude than responses that occur later during
the cardiac cycle (fig 10B) Also the larger
action potentials wmill propagate more raprdly
and will have a greater safets factor
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Calcrum Movements 1n Muscle
By C Pauvu Buncm, PuD

The movements of ealaium 1n muscle have been followed durng contraction and contracture
to test the hypothesis that the release of ealeium from the surface of the muscle membrane
durtng stimulation imtiates the contractile mechamsm Nitrate 1om inmereases the ealaum
wnflux dumng & swgle twateh and dumng potsssium contracture and slso inereases the
tension developed The inereased entry of calewm during a potassium cortracture 19 tramsient
and not sustasned as 1s the contracture Caffeine which brings about a contracture swithout
lepolanzation of the membrane and despite the alsence of eale:um from the medwm cau es

ealeaum to be released from the musele

HE PRESENT DISCUSSION of ealar
um movements 1n muscle will deal with
frog sartorius muscle In the nest paper
Dr Winegrad will consider recent findings
on heart musecle
Caletum has long been proposed ss the
hnk between membrine depolarization and
contraction ™ Of all the phystologie jons that
have been mjected in small quantities ealer
um alone causes eontraction® ¢ Sandow 1m
1952 made a detarled correlation of the ki
neties of the sequence of excitatory and me
chanical events (fig 1*) At 13 ( the rise
time of the spihe potential 15 06 msee the
time from the peak of the spike potential to
the onset of latenev relaxation 15 12 msee
and 1t 15 during these time intervals that the
musele 15 mechanically quescent The time
mterval until the earliest sign of development
of tension the inflexion pont of latency re
laxation 1s 35 msee and the total time until
the onset of tension above the mttial tension
1854 msee At 25 C the corresponding time
intervals are approxmmately 02 msee and
25 msee respectrively It 1s during the me
chanically qutescent period that 2 processes
are occurring (1) membrane depolarization
and (2) an mtervening process between the
peak of the actron potentral and the begmn
ning of latency relaxation termed the ‘spthe
actrvation hink 2 The size of the spike po
tential appears to be unrelated to twitch ten
swon for anmions that potentiate the twiteh

-
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eg Br NO; I SCN CH;SO4 have been
shown to have httle effect on the spike? 7 8
Hodgkm and Horowiez® have found agree
ment between the threshold of depolarization
necessary for mechamcal activity durmg h
contracture and the degree of depolarization
necessary to 1mtiate the spike potental sug
gesting that 1t i1s the lowering of the mem
brane potential to a eritical level, rather
then the height of the spike potential that 1s
concerned m excitation contrietion couphng
Under physwlogic conditions the eon
ducted action potentr1] of frog sartorius mus
cle 1mitiates a process whereby contraction
occurs  Membrane depolarization itself 1s
not the most mntimate link i the process for
contraction etn be brought about without de
polarization of the muscle membrane Thus
caffeme can cause a contracture without any
change occurrsng in the resting membrane
potential ¥ Potassinm induced contracture
can fail to occur even though the muscle
membrane 1s depolartzed 1f external ealemum
15 remoted 1* Csapo has shown that treatment
of the turtle retractor pems muscle with Nal
ean bring about greater temsion development
with «<maller membrane depolarization !
Hodgkin and Horowiez have demonstrated
that replacement of Cl with NO; can lower
the threshold of membrane depolarization
necessary to bring about a contriction ¥ All
of these findings pornt to another intervening
Pprocess between membrane depolarization and
the imitiation of mechamical actrvity
Studres on calerum movements in musele

Figure 1 from Bandow Yals J Bl & Med
25 176 195° By perpussion of the journal
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CALCIUM MOVEMENTS IN MUSCLE
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. Ma b ow  [ch mge b

o 2 > * £
st .o
H

o

e I CA e

\| Link v
B

.

~Coamirs t on———=

Tigure 1
Temporal correlation of eveutaton gnd mechantcul
events during latent perod of frog sartorius
muscle at 13 C a cording to Sundow (From
Sandow ¥)

conducted by Shanes md Branch: provide
evidence that an mcrease in ealaum ioflux
Adurmg depolarizition by an action potential
or by an 1nerease 1 extraccllular K 15 part
of the mntermediate process between events 1
the muscle membrane and mechan al actruaty
of the contractile ptotems Table 1 shows
that ealemm 1nfus 1 unstuoulated muscle
18 0 094 muer fes/em oL lation
of the muscle causes additional calewum to
enter the muscle whirh amounts to 0 2 muere
micromoles ‘cm  twitch  1f one assumes that
calerum entsrs the muscle fibers ata T h rate
ymmediately upon depolarization and con
tinues to enter durmyg the period of mechan
1cat queseence (10 msee at 25 (') then the
resting influx rate of calewm would have
increased from O 1 mircromcromoles/em  see
to 200 pcromicromole,em sec  an 1Berease
of approuimately 2000 1f the calerum were
(onsidered {o enter durin, the period from
membrane Qepolarization to the appearance
of mtial tension development (23> msee )
then the mcreace would stll be 800 fold
The amount of calcium entering per twiteh
and the twitch height 15 mcreased 60 per cent
bt replacing the ehlonde of Rin.er s solution
with mitrate  Under these conditions mitrate
has no effect on the unstmulated nflux of
caletum showwng that mitrate affects only the

€ enl tum 3 Lwe XXIV A gt 1981
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Tigure 2
The effect of edathamil (EDTA) and caffesne on
the washout of Ca¥% from a muscle prevsousls
sonked for 5 hours n €at? Pinger’s solution
A¢ 100 wunutes 000 M EDTA s added to the
medium bathing both € and € An immedwate
wcrease wn Catd release oceurs which tapers of
after 110 rarates At 180 muwnutes 0005 M
rafferne 13 added 1o muscle € conung o sustomned
werease n the release of Ca¥® from the mus e

ealuium entering during & twiteh Nitrate hag
teen shown to prolong the active state 14 15 1
which would account for the ncreased twitch
Tieight that 15 observed mm mitrate Ringer s
solution A tramsitory 1mcrease in the w;ned
calenum fevel of the muscle fibers brought
about by the inereased amount of calc;\’xm
entering per twitch could account for the
prolongation of the active state  In Leepm,

with this hvpothesis superfieial musele ﬁbeg
sites have been shown to bind about 0 I micro

ole; Gm of caluium 1 nitrate Ringer s solu

tion ¥ The mereased hinding of carcmm and
the inereased wnflux Gurin, sthumulation are 1n
agreement with the sugeestion of Shanegt
that the enhancement of the twiteh he; o]?

when other halogens or mtrate replaces x1‘1’1 !
ride may be due to an improved blndl’l‘o ;
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Table 1

Calesum Influz sn Frog Sartorius Vuscle

Condition

I flux

Unstimulated

Binger s solution

Ringer § mtrate solution
Stimulated

Ruger's golution

Einger 3 mtrate solution
Ringer's solution + 20 mM KCl

Rnger 8 solution + 80 mM KCl (after relazation)
Ringer s solution + 80 mM KCI (amtial depolarzation) 38

Ringer’s nitrate solution + 80 mM ANO:

0094 pamole/em  sec
0108 pumole/em  sec

00 ppmole/em? twitch
032 pumole/um® twiteh
01°4 gumole/em * see
0006 gumole/cm * sec
pamole/em *

60 pumole/em*

caletum to the membrane, which 1n turn con
tributes to enhanced entry of caletum during
stimulation
Depolarization of the sartorrus musele by
20 mM &k a level just below the threshold for
contracture leads to a sustmined increase mn
caleum nflux (table 1)  Caleum mflux
measured 1 the presence of 80 m3 kL after
relaxation from the mdueed contracture 1s
smaller than calawm wflux n 20 md K and
almost equal to mnflux 1n unstimulated muscle
The entry during mitial depolarization 1z 80
wM K amounts to 38 micromieromole/em > **
The presence of nitrate increases the amount
to 60 micromicromole/cm  which 15 1n keep
g with the potentiated contracture that 1s
observed ** The large transient increase 1n
caleum mflux during mtial depolarization
15 consistent with the rapid increase i ten
sion daring the first second of LCl contrac
ture obserted by Hodglin and Horowez®
The relaxation of the pbasic muscle during
mamtamed KCl depolarization can be m
terpreted as a failure to sustain the ngh rate
of caleium mflux  Shanes  has shown that a
high rate of calaum entry persists in the
slow fibers of the frog rectus abdomims along
with the sustamed potassum contracture
Thus mn fast fibers both the mncreased mflux
of calewum and the contracture are transient
during K depolanzation whereas both are
sustained 1n slow fibers during R depol1riza
tion
Contraeture brought about by caffene has
yroporiant differences from potassium mduced
contracture  Potasstum contracture 18 not
sustained and 15 associated with a transitory
nerease wm ealewm mflux durmg the mtial

membrane depolarization  Removal of ex
ternal ealcium prevents potassium contrac
ture * In contrast caffetne causes a sustamned
contracture i frog <artortus without mem
brane depolarization and in the complete
absence of external caleium  The site of caf
fene actron 1s on the membrane Axelsson
and Thesleff!® have shown that only caffeine
applied externally to the membrane results
1n a contracture while caffeine applied by m
Jection to the muscle mterior 13 without effect
Tt has also been shown that caffeine marl edly
increases caleium outflux and 1flux ¥ Fig
ure 2 shows thai even after prior treat
ment of frog sartorius musecle with edathanmil
(EDTA) which can remove some superficral
bound caleium as well as calelem an solution
cafferne causes a marked 1ncrease m ealeium
outflux, suggesting that caffeine can bring
about the release of caletum from membrane
sites and perhaps sarcoplasmic reticulum
sites which i turn results i contracture
The nereased calelum outflux may therefore
reflect the freemg of bound ealeram whteh
would rase the intracellular caleium 1on con
tent and thus induece contracture without the
necessity of external caleium or a membrane
depolarization

The release of caletum during stimulation
hasg been observed by Woodward ! and con
firmed by Shanes and Bianchr * Figure 3
clearly demonstrates the telease of calcium
during tetanic stimulation  Potasstum con
tractures both 1sotomic and 1sometric m
crease calemnm outflux (fig 4) The increased
outflux during tetanic stimulation is not sus
tamned and the pummum ealerum released per
twitch 18 sbout the same as the amount taken

C evlaton V1w XYV A qust 1941



CALCIUM MOVEMENTS IN MUSCLE
up per twitch viz 02 micromicromole/
«m

Potassum contracture results i a rapid
release of caleium which 15 at about double
the base line rate even after 10 minutes (fig
4) The ncreased mflux and outflux of cal
cium 1n frog sartortus observed with tetamie
stimulation or potassium contracture may
reflect the same basie process such as freeing
of caloum from the surface supported by
the rapid release of ealelum during tetame

521

stimulatton Two other possible ex;
for the mereased influx and outflux are
(1) a spatal separation i which different
sites ot the membrane mvolve calernm mflux
and outflux and (2) a temporal separation
of the two fluxes

From the foregumg 1t 1s evident that
calewm mnflux nto the muscle fiber is re
lated to meehamieal actrvity 1n 2 ways The
enhanced twitch height and contracture m
nitrate Ringer s solutton 1s correlated with a
larger influx of calelum and there 1s a tem
poral relationship between the duration of
mereased calerum mflux and of mechameal
activity Potassmm contractures and a high
rate of ealerum 1nflux are transitory m phasie
museles while m slow fibers potassium con
tractures are sustamed as 1s the high rate
of caloum mflux The mannmer m which
caleium brings about activation of the con
tractile mechanism 15 still unknown although
from experiments on model systems there ap
pear to be 2 possible modes of action Ome
would be the mnhibition of the relaxing factor
system thus allowing contraction to take
place with relaxation oceurring as the lomzed
calerum 15 removed the other would be bv a
direct action of ealemmm on  actomyosin
Weber-® has shown that calerum 1 2 con
centration of 10 M which would be equiva
lent to 5 X 10 M 10mzed calelum gives 2
maximum activation of the lghly purfied
actomyosin ATPase system and also max
mum superpreeipitation of actomyosmn with
2 mM Mg ATP In the absence of added
calemm no superprecipitation could be meas
ured and the ATPase artivity was reduced to
20 per cent of the maximum activity There
15 however a large discrepancy between the
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The release of Ca%® duning a brief tetantc stumu
latson from frog sartorws muscle that has been
previously soaked wn Cab$ Ringer's solution
Sample collections of the medum bathing the
muscle were made at minute wmtertals w order fo
obtam the true time course of calrmum release

amount of calaium needed for either mmhiby
tion of the relaxing faetor svstem or activa
tion of the actomyosmm ATPase system If
the calemm entering per twitch (02 micro
micromole/em 2) were umformly distributed
i the musele fiber water then the final eon
centration of iomized calerum would be 10-7
BT which 15 too small a concentration by a
factor of 100 for both the relasing factor
system and the actomyosin ATPase The dis
crepancy 15 still larger when the number
of calcium 1oms that enter in relation to the
actomyosin concentration of musele 15 con

sidered  If one estimates 100 mg of actomyo

sm for every gram wet werght of musecle and
a molecular weight of 500000 then the zeto

myosin concentration of frog muscle would
be approximately 2 X 10~ M ag compared
to 107 M for calerum  Much more 1onized
calelum would be needed than can be ae

counted for by the caleiim entermne per
twitech suggesting perhaps that the :mtml
entry of caleium from the membrane can
bring about a further release of ealeinm from
::i:;;nes localized m the sarcoplasmie
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Comparsson of the time course of calcium release
during ssotomic (4) and ssometric (B) contrac
ture The calesum released 13 plotted as a rate
1e the of the b
calcsum 1n the muscle being released durmg the
2 minute collection ntervals  The contracture
occurs when 80 m3f RNOg 13 added to the VO,
Ringer’s solution

Thus caleium influx s markedly inereascd
durmg a musele twiteh and potassium con
tracture n frog sartorius muscle Nitrate
1on which potentiates both the twitch and
potassium contracture also increases the
entry of calerum under these conditions The
cafferne induced contracture may be ac
counted for by an 1ncrease in the 1omzed
calcium level mn the muscle fiber brought
about by a direct action of caffeine on cal
c1um bindmng sites 1n the membrane and per
haps those located in the sarcoplasmie
retrenlum
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The Possible Role of Caleium 1n Excitation-Contraction
Couplhing of Heart Muscle
By Sur Wingcrap \[D

The transter of Ca® 9t rest and dur ng contraction has been measured n wsolated guinea me
atns Danng contract » e rite of trasfer moreases conswleratly The imerement 1o
tre uptake of erloum by the celly of the atma during cont action 15 clogely correlated with
the strength of contrachon This ref 1 on up 1 mawatained at different frequencies of st mu
ation and at different concent 1tions of ccternal enle wn

HE IMEORTANCE of caluum m the
contraction of heart muscle has been
hnown simce the experiments of Rmger!
Barh work ® focused prunardy on the de
pendence of the strength of contractn on
the concentratron of calerum jons in the bath

3* are taken from the work of \iedergerhe

and Miedergerhe and Luttgan ® Figgre 1q
and & shows the effeat of replacement of
sodrum i the bathing solution at the begin
ning of a potassium mduced contracture o
figure 2at the ventricle wag depolarized by

wmg solution  More recently an
between sodium and calerum jons st the eall
surface has been inferred from the obsersz
tien that the effects of & decrease v extr1
cellular sodinm concentration and an mcrease
m extrzeellular calesym conceatration op
twitch tension are stmiar® The obsertanon
that withdrawal of calcum ions from the
bathing solution caused rapid disappearance
of mechamieal but not of electrical activity
of 1olted heart muscle unpleated the cal
cum o8 as the excitation contraction hnk
In a sertes of studis on fro, ventrieular
strips Niedergerke and Luttgau® showed that
changes m external sodmm and caletam con
centrations very raprdh altered the charac
teristies of potassium ;mduced contracture and
that these lianges m contracture tension could
be produced even after the mtial potassium
depolarzation way complete Figures 1 to

From the National Institute of Arthnts api
Metabol e Dhseases Natiopal Inst tutes of Healfn
Iethesda Marvland

Th 3 1avest gation was supported by a U § Purhe
Health Service Fellowsthip HP o9 Cl from the
Mational Heart Tnstitute “atwonal Inst tutes of
Health Bethesds Maryland

The results described here were fizst presented by
112 author at the Fall Mectings Amenean Physiology
cal Bocsety 1960 (Winegrad § FPhomolog ¢3 10
19607 and are to be presented in detal (W veg =d
S ard Shan A A Qalesum tram fer anl cot
tracihty » g 1 g atma Ia preparation )
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100 md m the presence of 10 m{
calerom while in figure 25 the mrtial depolar
zatson occarred m © Ca 100 mdf potassium
but after 90 seconds the solution was changed
o one rontaimag 10 mA Ca 100 w3 potas
situm  The effect of the ealesum 15 clearly
not hmited to processes accompanyng de
pelarization Smmlarly the effect of decreased
sodiaw concentration can oceur after depolan
zation {fg 3) Blectrieal measurements elim
nated wuereased depolarization as an explana
tion for the wmereases m tenson seen with
elevated calaum or depressed sodmm con
fentrations &

By use of radiosotopes Miedergerke and
Haren® demonstrated that the changes 1n
extricellular sodinm and potassiom coneen
tration awociated with mcreased twiteh ten
Ston were aceompanied by inereased uptake
of C'* b the resting tisne (B2 41) and 1y
the trsue 1n potasstum-ontractyre!? {fig 53)

Esgures 1 and 3 are reproduced from Viedergirie
20d Luttgan Nature 379 1068 1957 By permsman
of the author snd Nature

Figure  eproluced from Naelergerke J Phymoy
3% 454 19 6 By perm suon of the author and the
Journal of Phymology

Fign e 4 reproluced from edergerke and Har

B Nature 175 1059 3008 By permisnan of 1he
authors ar I “ature

S gure o eproduced from N edergerke Exparsen
Ua 15 1 B 193 By permusnon of the auther ang
Expenentra
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RINCER

RINGER

+I0OmM KCl

no Na

RINGER RINGER

+HO0 mil xCi

Tigure 1

Dependence of contracture on sodwm chlorde
concentration Contractures aluays wnduced after
@ o0 mun period of equilibration i Ringer’s fluid
during which strip was stmulated at a constant
rate Ringer's flud and potassium rich solutions
contawned 0.5 mI calerum chlonde throughout
the experyment Dwameter of stnp 03> mm
(a) Contracture m the presence of 100 per cent
sodium  chlonde mduced by adding 100 m3L
potassium chlonide to Ringer's flud (b) Con
tracture snduced by adding 100 m3 potessium
chloride and simultaneously replacing the sodwm
hlorde content of Ringers fund by sucrose
(From “iedergerke and Luttgau®)

These studies dealt primanly with rapd
changes 1n calcium transfer, a distinetion be
tween changes occurring at the  cell surface
and m the cell interior  based on a differ
ence 1n time constants of calelum transfer
was not clear

The demonstration by Bianel and Shanes!!
of an 1ncreased uptabe of caleium dunng
contraction of sheletal muscle fibers added
substantially to the data implicating calelum
as the excitation contraction Inh To test the
possibihity that exeitation 1n myocardial cells
1s coupled with contraction by a movement
of calerum 1nto the cell during depolanzation
a series of experiments comparing caleium
uptake bv gmnea pig atria at rest and under

WINEGRAD

Figure 2

I ffect of Ca on a depolari ed strip diam 11
mm In both records upper traces tensions lower
traces depolars atiyns The records started after
soaking the strip m Ca free Ringer's solution for
10 nun (a) Appleation of 10 mM Ca 100 mM R C1
solution, (b) application wmtially of a Ca free
10¢ mdl RCl solution 90 sec later 10 mM Ca
was added to this solution caw ing an wmmeduate
nse of tension (From Yredergerke?)

several different conditions of contraction was
conducted Radioisotope technies similar to
those of Bianchi and Shanes! were used
Tensions were measured with conventional
strain gauges Left atrial appendages from
jyoung gumnea pigs were used because the
tissues are thin stable over long periods of
time and devoid of spontaneous rhythm
Caleium 1nflux was determined by soaktng
the atria for 15 minutes m Ca®® solution and
measurin,, the amount of Ca*® remaming mn
the tissue after the extracellular and loosels
bound surface Ca*® had been washed out m
nomsotopic solution A correction was made
for the intracellular Ca*s lost durmg the
washout To eliminate the error introduced
by the presence of damaged tissue the edges
of the atria cut durmg dissection were re
moved from the undama_ed tissue at the
end of the experiment and their radio

C culaton VIm XXIV A gust 1961



CALCIUM IN CARDIAC EXCITATION CONTRACTION COUPLING &%

Table 1
Relahonship of Cas$ Uptike ts Tustch Tens n
3
oo - o t -
iz S .
e o i f
af & EE == B
10 s 3 =1t 3348 3
250 & 0% 9 385 &
250 1o 15 69 4
° 0 30 pULE-BTY 100 3
3 e 6 § =9 wS
340 15 106 = 14 oxb 11

Nalues = 1 tanlard error of mean

atuvty counted s parately The effect of <on
tractson on mflux was measured by stimulat
1eg the muscles during the last 10 of tie 1o
munates 1o Cat® hrels solution and calculat
ing the difference 1 Ca* content between the
stimulated and unstimulated oruscles
The resting influx at external calrtum con
centrations of 122 mV[ 250 mM and 37>
m3 was 0003 % 00010 Q014 = 60012 and
0022 = 00DI6 muromicromole <m see In
figure 6 the mnfluxcs are plotted igamst the
esternal caleitm conecntration The data can
be best approximated by a strarzht line that
when extrapolated misses th orgin by a
statistically ipsigmficant amount It would
appear therefore that i the restin, muscle
cell mflux of ealcum 15 a function of the
external ealemm eoncentration The resting
outflux 1 2o m\l ealeram  calcnlated by
standard desaturation studtes was 2pprosi
mitels equal to the mfux suggestmg that m
the resting atrit no net moiement of calaam
was oceurring
When the atra contracted the calctum
mflux mcreased conmderably the total eal
ammt content of the stimulated tisue at
the end of the experiment rose to as much as
1o times that of the restrug controls Under
these crreumstance  the mnerement n calesum
wflux as ocrated with each beat was 027
mrcromicromole um  surface arer Contrac
1on was pot accompanted Iy an heredse i
caleiwn uptake b the cut edges of the tissue
which themselve did not contract
It was of mterest to determune whether
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Figase 3

Reversi? ility and speafuity of the action of
sodium dons Iinger’s fluid anil gotsssum rick
3 lutions contained 2 m W calewm chlonde through
cut the expeniment Duameter of strip 015 mm
(1} € niracture widuced by addng 100 mM
potasssum chlorde fo Ringer's fud and ssmul
taneously replacing sodium chlarde 130 osmotscally
uth sucrose (2} reapplication of sodvim chlonde,
73} replacement of sodum chloride by rucrose
(F om Niedergerke and Luttgau )

any correlation exssted between the syze of
the calewm mflux per beat and the twiteh
tensson  Table 1 consists of the resnlts of
espermments performed to studv the effect of
diferent external ezleium concentrations and
different frequencies of contraction on hoth
the vakumm uptahe and the strength of con
tractton Calesum uptake per leat and twiteh
tenswn for each condition are expressed n
per cent relative to the values at a contrac
tron frequeney of 30/mn 1 25 mV calesum
the latter hattng been arbitranlv assigned a
value of 100 per ernt

The uptake per beat of atria contracting
2t 6/mun m 220 mYf ecaletum 1s 30 pe cent
of that of the atria beating at 30/min
{p<002) The percentage merease 1 uptake
per beat aswociated with this change 1 the
rate of contraction does not differ signficantly
from the percentage mecrease in twitch ten
ston When the frequenct 1y changed from
lo/oun o 30/min no sigmficant inerease
tu esther twitch tenston or uptahe per beat
ocenrs Thus 1n these experiments both cal
cmum influx and eontractilitn apparently ex
hubit parallel saturatton propertias

Muscles stmutlated at Io/mn m 12 myp
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Relative tracer {stront{um)

-

Time (ar )

Figure 4

The effect of replacing the sodwum chloride of
Tnger's flusd by sucrose on the uptake of stron
tsum 89 tracer wn heart tissue Relatine amounts
of strontium 89 tracer 1 a ventricle strip during
erpo ure to tracer solutions which contaned esther
115 mM godwm chlonde or 5 m3l sodwum
chlonde + 204 m3l sucrose The tuo solutions
had rdentical concentrations of potassm chlorsde
(2 m3L) and of tracer Sr¥-Ca (1 mMf) mzture
Vertical bars wndicate standard error of the
measurement of radwactnly Srd% s used as an
wdicator of Ca movement (From MNedergerke
and Harns?®)

ealojum contract about as sigorously as the
atria beating at 6/mmn 1 250 mM calelum
Despite the fact that two important cond:
tions have been changed i opposite direc
tions the relative uptake per beat and rela
five tension are still closely correlated An
nerease 1o external calcium concentration
from 125 mM to 375 mM wereases twitch
tension almost 3 fold (p<00>) and caleum
uptake per beat 1s wcreased proportionately
An merease 1n the caleum concentration from
25 md to 3 7o m M 1s assocated with propor
tionately smaller increases m uptake and
twitch tension but m this comparison both
changes are of questionable sigmficance
When a plot 13 made of relatine twitch ten
sion +s relative uptake per beat using all the

WINEGRAD

data obtained from different external ecal
emm coneentrations and different rates of
stimulation (fig 7), 2 consistent correlation
between the 2 parameters exists A straght
line closely fits the data and 1its failure to
pass through the origin 1s not statistically
significant

These data demonstrating the merement
calcium nflux associated with contractron are
consistent with the hypothesis that caleium
movement 1nto the cell with depolarization
couples excitation with contraction They sug
gest also, that such & Ik 15 a factor m
determinmg the strength of the twitch

In an analysis of the merement of ealeium
influx associated with contraction one may
consider (1) the source of thrs caleium
(2) the mechamism by which 1t enters the
cell (3) the time 1n the cardiac ¢y le during
which the added calcnm enters the cell and
(4) the posstble mode of 4etion inuide the
eell Niedergerhes data® 10! sngmest that
superficral sites 1 the vesting cell bind cal
crum and that certamn changes in the com
posttion of bathing solution which produce
ncreased twitch tension are associated with
greater binding of caletum by the resting
tissue  Morcover, experiments already tnen
tioned show that similar changes 1n the
composttion of the bathing solution during 1
maintained potassium depolarization are rap
1dlv followed by changes in contracture ten
swon An additional pertinent observation 1s
that of Weidmann!* who demonstrated n
turtle ventricle that a sudden mecrease m the
concentration of caleium m the extracellular
space during the mmtial stages of a twitch
produced a more rapid rate of tension devel
opment and % greater peak tension than oc
curred at the lower calelum concentration In
additron the merease m cileium concentra
tion was accompanied by a shorteming of the
action potential A hypothesis that icorpo
rates these data with the observed correlation
between the rate of caleium inflex during a
contraction and the size of the contraction
would be the followin, the calerum that
enters the cell with contraction comes from

€ lion ViIwm XXIV A gut 1901



CALCIUM IN CARDIAC EXCITATION CONTRACTION COUPLING 527

o

roissly
U Ringer+100 mMKCt
T ———{
)
Na Ringer +100 mH KCt
§

[ /1//

4
Na Ringer
O,
P (]
5 i 5 20mn
a
Figure §

Effect of R depolurs ation of Ca uptale of frog
rentrscular stnips  The difference between the
lower tuo curies shows additional Ca uptale due
to 100 mM ROl Va Puger Upper curee hous
Cut uplake 1 absence of Na but wwth additional
100 m3 ACl Hollow cirele and double or le
represent two experyments showing C'a uptake
Ringer's solution made hypertome by added 180
mM sucrose or added 100 m3M 1iCl (From
Niedergerke 10)

superficial mtes and from the extracellulir
fluid  the ecalcium that enters the cell from
the extracellular flmd during depolarization
passes through the same superficial sites to
which calerum was bound 1n the resting state

Weidmann s data’ suggest that the inere
ment 1 calewm influx oceurs durng the
depolarization In snpport of this comelu
sion are the observations that the inercased
heart rate 15 associated with a shorter dias
tole a shorter action potential but an mereas
ed calelum mflux per beat and an inereased
rate of rise of tension during the twitch 1¢%¢
If the mflux of caleram 15 quantitatively re
lated to twitch tension 1t mught be expected

C culation Vol m YXIV 4 gust 1961
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Calcrum  uptake of restng gumea-pig atnal
appendage 13 plotted agamnst extracellular colouum
concentration

that a greater mcrement during a shorter
action potential would produce a more rapid
rise m tenswon  If the added caleium does en
ter the cell durig the action potential (meas
ured to be 150 msec) then caleium nflux
durin, depolarization may exceed resting in
flux by as much as 2,0 fold

Certain possible relations of the caleium
mflux to contraction became apparent with
a quantitative consideration of the data If
the molecular weight of mvosin 1s about
500 000 *? and 1ts concentration 1n heart mus
cle 1s equal to that in skeletal muscle (taken
to be 76 per cent of wet weight?®) then each
gram of heart contains 15 X 10~* mmoles of
this protein The maximum inerement in cal
cium nflux measured i these experiments
was 06 X 10 ° mmoles/Gm The ratio of the
number of calelum 10ns entering the eell
durmg contraction to the number of myosm
molecules already present 13 abont 1/250 A
similar ratio results 1f a vomparison 1s made
of the calerum influx to the amount of actin
or tropomyosit 1n the muscle (again assum
g that the coneentration of actin and tropo
myosin 1 heart muscle 1s similar to that in
skeletal mnsele) It 13 unhkely that only 04
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TFigure 7

The relutive caloum uplake per beat of guined
g left atrial appendages contracting at 6/mn
15/min 30/mun o 120 mM 250 md and 3%
mIl Ca-Erebs solution 13 plotted agamst the
relative turlch tenwuon produced All values are
expressed relatire to calewum yptake and twitch
tension at 30/min an 25 m3 Ca-Krebs solution

per cent of the contractile protemn 1s shorten
ing during the stron.est contractions of the
isolated atrium  Therefore 1f caleum does
mtiate the coutraction eich 10n must ulty
mately have an effect on many actm myosm
units One of the reacttons 1o the contractile
Process though not necessarily the one mnvoly
ing caletum must mvolve either a chamn re
action or the interaetion of 1 molecule or zon
with as many as 200 molecules or umts The
latter could occur by an enzyvmatie reaction
or by a spectfic type of molecular alignment
1 which one molecule 15 m eclose association
with many contractile umts

With respect to this quantitative relation
ship of ealemrm taken up during contractron
to actomjosin 1t 1s interesting to note the
caleulation of H E Huxley'® that each thich
filament 1n skeletal muscle contams about
400 myosin molecules If a smmlar condition
exists in the heart the ratio of caleium jons
taken up m a maximal contraction to the
number of thick filaments 15 16 1

If the calewwm that enters the cell with

WINEGRAD

contraction 15 assumed to achieve 1mmedsate
uniform distribution n the cell water the
coneentration would be 12 X 10 M Any
non umform dsstribution nould prodnee re
g1ons within the cell of higher * caleium con
centrations ’ This value of 1omzed caleium
mhbits the relaxing factor activity m vitro
Ebashi has further shown that the relaxmg
factor system binds calerum tr, htly and that
procedures which decrease caleum binding
proportionately decrease relaxation actinity
HMe has demonstrated thit other ealeium
chelating agents have relixation activity pro

portionate to therr ability to chelate calemum ©
It 15 possible therefore that the calemm that
enters the cell durmg excitation hibits the
relaxing system and therebv mitiates contrac

tion or that 1t activites contraction relaxa

tion oceurring by the removal of the caleium
by the relauing ~ystem

Acknowledgment
The author wishes to thank Drs Muscholl and
Tullman of the Department »f Pharmacology Mamnz
Universty for calling attention to the adrantages
of this atrial preparation He 13 indebted to Dr
A M Shanes for making the facilities of s
Tnboratory availble and to Dr Shames and Dr C P

Bianeh for much helpful diseusaion

References

1 Rroer § 4 further contnibution remirdmg
the influence of Nifferent constitnents of the
hlood en the contraction of the hewt J
Physiol 4 %0 1883

Ctark \ J  The action of ions and hpods
upon the frop s heurt J Phvsiol 47 66
191,

Logwr O Uber den Zusammenhang zwigchen
Dngptalis und Ralzumwikung  Arck  exper
Path & Pharmakel 83 .66 1917

WrpeawDr W anp Kotter H  Dre Caleum
Wirkung am Froschherzen als Funktion des

zmschen n unl
Umgebung Helvet physiol et pharmacol et
8 08 1948

Mives G R On functional analysia be the
action of electrolytes 7 Ihy 10l 46 188
1913

NiepERGERKE R Anp Lutraav W € Caleum
apl the of the heart gom
betneen ealaum an1 soliom fons Nature 179
1066 1957

7 NiepergERRE P The Jota stum chlonde con

2

e

'S

o

ES

€ laten ViIm XYYV 4 g f300



CALCIUM IN CARDIAC FNCITVTION CONTRACTION COUPLING

w

©

s

.‘
B

a5

tra ture of the heart and its modification bv
ealeam J Physiol 134 584 1056

LiTraar I C axp NiepERorRee R The
antagomsm between ealeum and sodwm 10m3
ou frog s heart J Pbysmiol 143 486 1958

NIEDFRQERKE T awD Hamris F J  Aceumn
lation of caleram (or strontiim) under con
4 tions of increasing contractility Nature 179
1078 1957

NiepercrRRE R Caloum and the activation
of contraction Expenientia 15 1°8 19

Branemt € P oawp Bmawes A M Caleum
1flux in skeletal musele at rest during 2etimty
and durmng potassmum contracture J Gen
Physil 4° 803 1959

NiepErgERRE P The rate of action of calelum
10ns of the contraction of the heart J Physiol
138 506 1957

WeEmyann 8 Effect of mcreasmg the calawm
concentration durmg + smgle heart beat
Experientia 16 1 8 1929

NiEpercERRE B The staircase phenomenon and
the action of caleimm on the heart J Physiol
1.4 560 1956

Homaany F B Aktionsstror und Mechano
gramm ber Anderung der Schlagfrequenz des

wla Vol m XXIV A g t 1861

1

>

]

®

o

'

529

Herzens unl ber Vagusrezung Zteehr ges
exper Med 50 10 1926

TRAUTWENY W aND DUDEL J  Aktion potentiat
und M des W
als Funktion der Schlagfrequenz Arch ges
Physiol 260 24 1954

Davis J O Csmror W X Trarasso M
AND YaNKoPOULOS N A. Chem al characten
2ation of cardiae myo 1 from normal d gs and
from doos mth ehrome congestive heart falure
J Chm Tuvest 39 1463 1460

Huztsy H E AND HansoN J  The molecular
Dbass of contraction m cross striated museles
In Strueture and Funchon of Muscle Edited
by 6 H Bourne New York Academic Press
Inc 1960 vel 1 pp 203205

Emasat § Personal commumeation

Episar § Ci mm bumdime aud relaxation n
the sctomyoswt system J Biochem 48 150
1960

Movrry M aND WieraNpT W Die Wirkung
von Kalum und Calemm auf das Trenper
b nam 1 oL

1955

Beyson E 8§  Extrachion and quantitative
characteristies «f actomyosin 1 eanine heart
musele Cireulation Research 3 ©15 1955



Cardiac Active Prmeiples i Blood Plasma

By Stepiiay Haspu MD, awp Epwarp Leowaro, M D

A study of isolated frog hearts suggests that the amphibian heart 1s provided normally
with a sub that lity and that d. slowly from the heart
duning perfuston with salne solution A search for substances that muight fulfill this rolo in
the frog heart has led to the solation of many matenals that havo some degree of cardio
tome activity but no conclusion ean yet be reached about which if any of these substances
13 present i the mtact frog heart The search has led however to the discovery of 2
substinces of mammalian omgin that are as potent as the cardiae glycosides with respect
to their motropre action on frog heart One of these 33 a phospholipid called Iysolecitn
the other 15 a system of 3 plasma globulins ealled cardioglobulin A B ard € * The
concentratron of cardioglobuliz C 1 man 15 inereased m essential hypertension and sortse
stenosis 2 unrelated conditions that bhave in common ths development of inereased left
ventreular 1sometric tension 1n systole Cc Cis d 11 a group of
patients with 1diopathte congestive beart failure The discovery of these substances 13 relevant
to the guestron whether isolated manumalian eardiac tissue becomes hypodynamie m physiologe
saline because of the losa of a system that helps maintain normal myocardial contractility
We bave noted that most of the studies on 1solated stnps of mammahan cardiae tissue
faxl to answer this question since the atrips were probably hypodynsmie because of impaired
oxygenation or noophysiologie saline media Studies from our laboratory indieate that a slow
dechne 1 contractihty on prolonged washiog does occur in 1solated mammalan heart
tissue despite good oxygenation and a zmormal environment with respeet to imorganic rons
This can be prevented or reversed by perfusion with mammalan plasma Along simular Lises
1t 13 of interest that although the decline of 1 of n situ

hearts may be due to many faetors the dechne cam bo prevented by perfusing the coronary
system of the n situ heart with blood from a bealthy domor ammal The problem then
has 2 aspects On the ene hand we must discover the physiologic significance of the potent
glycomde hke substances already 1solated from mammahian tissue on the other we must
1nvestigate the benefie1al effects of plasma on beart strips or of donor dog blood on 1n situ
hearts Do these actions occur because of an effe t on myo 1rdial metabohsm or do thev
come about because of a plasma substance that ephances myoeardial contractikty direetl?

WIDE VARIETY of experience has led

to the conclusion that blood plasma has
a beneficial effect on cardiae contractility
Thus cardiae function declines when hearts
are bathed i artificaal saline media and m
proves when fresh whole blood or plasma 13
added This effeet was first noted by Ringer
1 1885t Recent interest n this phenomenon
stems from two daifferent lines of mterest On
the one hand now that much information has
been obtamed about the contractile protemn
of musele and about the metabolic events that
31eld energy for contraction 1t 15 appropriate
to consider the problem of how the force of
musele contraction 1s regulated The same
question about the regulation of muscular

From the National Meart Institute Natsonal Insty
tutes of Health Bethesda Maryland
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contraction presses to the fore in the field of
cardiovascular research We may mention as
examples the abnormal inerease 1n arteriolar
tone m essential hypertension, the congestive
heart failure that occurs 1n a number of pa
tients 1n the absence of any known structural
or mflammatory disease of the myocardium
and the cardiovascular collapse that often
supervenes in patients subjected to a pro
longed period of extracorporeal eirculation
All these nstances tre characterized by ab
normalities of mvoluntars muscle function
despite the absence of any gross anatomic or
metabolic defects that might be mmvoked as
causes of the disturbance In this lecture we
will review some eXperimental situations
which alterations in cardize function might
be due to the addition or depletion of cardiae
actrve substances of bwlogic ongmn
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We shall bef in with the wolated ampluban
heart The dechine of mvorardial contractility
that occurs when hearts are bathed m art1
firsd media was studied m detad by A )
Chrh mm 1913 he said that  excwed frog
hearts after perfusion for a few hours pass
wto & kypodynamee state m which both the
foree of contraction and the rate of condue
tion are markedly impared  He concluded
that the development of a by podvnamic state
was assoeiated with the loss of some essuntaal
substance from the frog heart wiuch was
washed away slowly by prolonged contact with
large volumes of salmne solution

There are several features about the hyjo
dynamie heart that we would now lke to
emnmerate First we may Note that imme
diately following excision and immersion 1
sahne a slow declime m contractility begins
that continues, steadily for a number of hours
The rate of dechne depends to some extent
on the thoroughness of the washing that »
to say on the volume of perfusmg solution
and frequency of exchange The first migns
of the dechine cannot be detected at hugh rates
of stimylation but can be obsersed n the
form of decreased twitch tension at lower
frequencies [t should be emphastred that
fhis dechne oecurs despite ap emironment
that 15 1deal with respect to worganic 1008
and oxygenation Unlike mimmalian }eart
musele the frog heart has no coronary sys
tem and depends for oxygenation on the
movement of blood through the sponge hike
tetwork of musele cells that constitute the
ventriewlar wall It 1s therefore no problem
for oxvgenated Ringer solution to perfuse
the various parts of the frog ventricle ade
quately Not onlv 15 there no 1mpawrment 1
oxygenation but it 15 hkely that the develop
ment of the hypodyname state occurs m the
absence of anv decrease of high energy phos
Dliate Althou,h this has not beea studied 1n

frog ventricle Furchgott and de ( ubareff®
have shown that the deyelopwent of the by po-
dynamie st e 1 gumea Pig atria 1s Not asso

the by podvnamic state 1n frog heart muscle
1> not due to a defect 1 the supply of phos
phate energv 1o the countractile protein For
a more detmled discussion of the guestion
of whether the defect yn #xperimental hypo-
dvnamie states 1s due to a defect m energy
supply or eneryy utihzation see reviews by
Hydu and Leonard* and by Wollenberger &
We may naw cousider thy substances that
can re torc frog heart contractility to the
origimal level Actually a very great number
and sariety of substances of plasma ongin
can 1mprove the hypodynamie heart Ringer
concluded that the plasma activity restded
1 a nondialyzable fraction Clark found that
a positive mnotropie effect could be obtaned
not only with soaps, such as sodwm aleate
but also with various phospholipids and even
amino auds Other surfare actine substances
such as bile amds also improved contractihity
In additwn benefical effects have been ob
tuned with adrenalin® adenosioe triphas
phate (ATP) T and with pharmacologic con
centrations of certain sterods such as
deoxycorticosterone and progesterone” A
greal many investigators have worhed 1n this
held and the iuterested reader can find more
references 1n the resiew by Amberson?
Mast of the substinces we have mentioned
are capable of bringing the contractility of the
hypodyname frog heart back to normat f
they are added to the bathing solution in
suffirient concentration Their effect can be
appreciated by reference to figure 1 m whieh
twitch tension 18 plotted on the ordinate and
the time mterval between stimult 15 plotted
on the absmssa The twitch tenston of both
the fresh heart and the washed hypodyname
heart varies with the frequeney of stimula
tion  Comparison of these curves shows that
whereas the twitch tension of the hypo
dynamie heart approaches that of the fresh
heart at mgh frequencies at intermediate
frequencies fresh heart is capable of develop
g much greater twiteh tension than 1s the
hypodynamue heart The beneficial substances

cated with ans change 1o the 1ion
of high energy phosphate compounds in the
atnal muscle It would appear therefore that
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we have d above cause the hypo
dvnamic eurve to shift back toward the fresh
heart curve
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Figure 1
Effect of prolonged sihine perfusion on ssolated
froq hearts

In one respect however the hypedynmami
tro, heart which s 1mproved by the addition
of these materials 1s still different from a
normal heart on subsequunt washing the
by podynamic state develops very rapidly
Thrs 15 1n marked contrast to the slow and
gradual decline 1n contractiitv that occurs
with a fresh heart It seems reasonable to
postulate that the deselopment of the hypo
dynamie state mn the frog heart is due to the
slow loss of some material from the muscle
One would suspect that 1t 15 prosent an Iow
concentrations m frog blood and that an
appropriate cardiac content 15 mamtamed be
cause of the constant perfusion and the hugh
afhnuty of the matertal for the heart If so
perfusion of a hy podypamu frog heart with a
large volume of normal frog plasma should
result m the slow accumulation of the ma
terial so that once agam the heart would
become hypodynamwe onls after prolonged
washmg

TRecently a material that mav fulfill these
conditions has been wolated ® It 1s @ phospho
Iipid called ¢ g palmitos] Iysoleasthun,  wlnch
can be found in <mall concentrations
maunmalian plasma It Bas been 1solated from
adrenal medulla and m1v be rather widely
distributed 10 the chromatiin svstem Although
this substance 1s present in mammalian plasma
m concentrations too low to affect the hypo

HAJDU LEONARD

dynwue frog hetrt rmmediately 1t becomes
bound to frog cardinc musele so that if a
fro,, heart 1s pcrfused with suceessive changes
of serum a significaint amount of 1y solecithin
graduly accumulites And 1in contrast to
the other substances discussed after exposure
to this matertal the restored heart becomes
hypodynamie only gradually m the course
of prolonged wishing Attempts have not yet
becn made to 1solate lvsolecithin from frog
tissues  If 1t 1s found m frog plasma 1t would
be reasonable to postulate that Iysolecithin 15
the natarally occurring substance that is slow
13 washed awasv from the frog heart during
the development of the hypods namie state

Lysoleeithin differs mn another way from
substances previous)y shown to restore the
contractility of the hypodyname frog heart
This can be appreciated by referring once
a22am to figure 1 which shows how twitch
tension varies witlt the interval between
stimuli  Lysolecitlun  like the cardiae glv
cosides can cause maximal twitch tension even
at very low rates of stunulation which s
represented in the figure by the nearly hor
zontal hine at the top of the graph In higher
or toxie concentritions the glycosides or
Ivsolecithin induce systolic arrest or econ
tracture a phenomenon that i1s not seen with
the other substnces we hve been discussing
Therr positive 1notropte effeet 15 therefore
profoundly greater than that of any of the
other substances Recently we have isolated
from mammalian plasma 1 eardiotomie pro
tein system of great potemev that 13 com
prised of three globulins that have been
called cardioglobulin A B and C 10 The effuct
of cardioglobulin on the froz hetrt 1 a con
centration comparable to that found m nor
mal human plasma s siulir to that of a
nontoxic concentration of cardrac glycondes
(This protem system al o eruscs eonstriction
of the peripheral vaseuliture of the frog
1 a Trendelenbur, preparation and therefore
the visoconstrictor globulin studied by Sakw
and Hirimatsu many vears ago mav havc
been cardio lobulin 1)

A new question of great intercst now arses
as 1 result of these studics of the hy podynymic
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amplnbian heart The dascovery of 2 1notropsc
sistems Iysolecrthin and cardroglobuhin with
cardiotone potency comparable to that of the
cardize glyeosides andientes that we must
determune whether aither of these systems 1
smportant 1 the mamntenance of normal mvo
cardial eontractihty 1 the mummal In thas
regard the plisma eoncentration of eardio
globuhnr 1 1arious ehinreal states 15 of mter
est We Dave compared the plasma eoncen
tration of cardsoglobulin € in normals
patients wath aertic stenoss d m patients
with ewsential hvpertension In both aertt
stenouis nd essential hypertension 2 con
ditrans characterszed by mereased feft un
tricalar wsometric tension wn systole the con
centration of cardioglobulin C 1s sigmificants
wereased abote mormalt ¥ This s consist
ent with the idea that cardioglobulin could
be a naturally occurring cardiotomic s)stem
that 13 mereased 1n the byperdynamie states
noted The mereased cardioglobulin seems to
be related to the smereased pressure dcvel
oped by the left ventricle and not sunply to
mereased work since n aortic msufficieney
{characterized by nereased stroke work with
out an inerease 1 pressure) cardrogiobuim
1s normal The concentration of eardisglobu
Iin has also been measured yn various types
of cardiae falure and 1t has bees found
that values for patients with falure se
ondary to salvelar disease (aortic or mutral
msufficency) are normal In contrast about
balf of the patients with cardsac fatlure sec
ondary to ihiopatiue wmyocardial disease 8p
Peared to falf 1nte a separate population with
extremely low values of cardioglobulm® ¥
The question whether the myocardial faurc
of {his group mas be cauced by the observed
& [t eannot he i

at this trme

The questions abont cardsoglobubin ramed
by these chimeal correlations lead us to con
<ider stuthes on experymentally mduced hypo
Synamie states s mammalian heast musele
Insestigations on sumnmg stmps of mam
mahin heart received consuderable mpetus
when Cattell and Gold introduced the cat
Papillary musele preparation for the study
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of the action of cardiac glycoudes 3¢ Since
that txme a great variety of substances of
mammahan origin hase been found to n
crease the contractiify of 1solated cat
papillary muscle mcluding phosphohpuls ¥
ammes ! amme acds! serum atbumin 38 37
4 dhalysate of serum albumin ¥ and various
adrenal sterowds ' The substances studied
have been solated not only from serum?s ¥
but alse from fractions of drsed spleen’® and
from Iner?

In attemphing to evaluate these various
results 1t 1s pertment to recill that the con
tractility of the 1solated frog heart i salne
dechnes slowly and steadsly over a perwd
of hours despite normil energs metaholism
and wnie environment suggesting that a sub
stance which mamntains normal contractility
» gradually washed away from the heart
Does a comparable siuation exist m the
case of mammahiae hearts? Unfortunately
the studies under conaideration cast no Jaght
on thns guestion because the eomparable ex
permmental condions do not esist i the
mammahan heart preparations The mam
mahen tissues studied were hypodynamic be.
cause of abnormally low cilerum or biearbon
ate concentration 1 the extyacellular medium
1w some cases and m others 1838 probable that
smpatred oxvgenation eaused the Iy pody
namie stite In eantrast to the frog heart
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whieh has no coronary system ox)genation
of dense mammalian ventriculir trssue ts dif
ficult to rccomplich once the coronary circula
tion 1s mterrupted Because of the difficulty
m oxvgenation wew ould not expeet cat papil
Jarv muscle stimulated at ramd rates to sur
e without some metabolie 1bnormality
Tanz for evample has recentls published
photomr rographs showmng severe hstolo.ic
damage 1n eat papillary musele stimulated at
1 per second at 37 C for 6 hours *® Therefore
although a great varlety of substances of
brologic origin have been found to improvc
the performance of mammahan heart prepara
tions 1t 1s citneult to judge the phyvswologic
significance of these findings and none of the
studies provides an answer to our question
about whether there 15 a cardiotonmic matenal
bound to mammalian cardrie muscle that s
lost when the tissue 15> remosed from its nor
mal environment

Some recent results of our own which are
addressed to this problem ean be seem m
fisure 2 The studres were made on thin
strips of right ventricle from verv joung
rats and the graph shows twitch tenston
plotted as a function of the interval between
stimuli The upper curve represents the nor
mal pattern found i freshly prepared rat
ventricle After 8 hours of washmn, m Krebs
biearbonate solution the lower curve 15 ob
tained with considerably lower twitch ten
ston over a wide frequency ramge This can
be reversed with digitals or mammaltan
plasma and the origmal decline can be pre
vented if the strip js mamtaned from the
begtnning 1 mammalian plasma In general
1t appears that mammalian cardiac muscle
strips tmmersed 1n an environment which is
1deal with respect to 1norganie lons and
oxy genation becomes hypodvname on pro
longed perfusion and 1t 15 probable that this
decline 1n contractiits can Le prevented if
heart strips are mamntuned m mammaban
plisma

We will now turn to a brief consideration
of studies on mammalian hearts 1z situ m
which the vascular connections between the
heart and other organms are partly or com
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pletels severed so that 1t 1s possible both to
achieve some control over faetors that affect
mjyocardal function 1nd to measure the rate
of utihization of oxvgen and other metabolic
substrates The prototvpe preparation 15 of
course the heart Jung preparation but there
arc also vartous nteresting modifications 1
which 1 or more organs of the body are
excluded from the general ewrculation It
was clearly stated by Starling and Visscher ¢
that the classieal heart lung preparation de
teriorates over a perrod of several hours a
decline wiuch 1s reflected n both a decrease
m contractihty and in efficteney It 15 appar
ent that many fictors may contribute to the
decline of myocardial performance m the
heart lung preparation For example a pe
rrod of mmparred coronary blood flow 1s almost
mevitable and 1f prolonged will produce
wrreversible myocardial damage The heart
lung preparation 1s deprived of sympathetic
tone and probably undergoes progressive de
pletton  of the eardize sympatbomimetic
amines which are an mmportant determmnant
of myocirdial contractihty Varwous sub
stances produced by other organs of the body
wil not be available to the heart Jung
preparation and these mav concervably be of
importance at the level of either energy pro
duction or of energy utilization Funally dis
turbances mav be produced by the tubing of
the extracorporeal part of the system 1nd
embolr may arise erther from small clots or
from bits of dried blood that form on the
walls of the venous reservoir In fact, one
cannot overemphasize what a poor purform
ance the hetrt lung preparation renders com
pared to the intact heart (For interesting
recent datr see references 21 22 and 23)
Althon,h it 1s therefore practically 1mpos
<ible to find ones way among the various
diffieulties mherent in these preparations 1
or 2 faits of mterest stand out In the first
place 1t becomes apparent from the resuits
of several groups of investigators that mvo
cardial performance 1 better when the liver
and spleen are mcluded mn the circula
tion? * ¢ In come studies the effect of liver
and spleen appear to be prumarily on the
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metabolism of the heart, * whereas mn others
some factor from the hiver and spleen seems
to have a primary effcet on myoeardial eon
tractihty 3 ° The nature of such 2 substance
wolated from hepabie venous Dlood after
stimulation of the spleme nerve has buen
said by Schmier to be a polvpeptide 26 Re
centiv Sayers’ group has suggested that hor
mones from the adrenal cortex may delas
the declme of performance seen 1 a heart
lung preparation of the rat 7 These findings
ke those reviewed for 1solated eardiac mus
cle, must be evaluated by asking why the
heart lung preparation 15 depressed 1 the
first place and whether the benefial sub
stances reported are 1mportant only in the ¢
experimental protocols or whether they have
a general physiclogie sigmficance
A new and encouraging note 1n the field
of 1 situ heart preparations has heen mtro
duced by perfusing the coronary svstem of
the experimental heart with blood from a
healthy donor dog * ® This preparation
which has heen studied by Sarnoff and o
workers sometimes mamtams 4 steady level
af coutractity for several hours Therefort
despite all the difficulties that we have eau
merated 1t 15 possible for a denervated heart
fo mawmntain a fair level of functional capacity
over « perod of time, protided that aseular
contact with a normal donor dog 15 main
tamed One cannot say whether one of the
benefielal effects of the donor ammal 18 the
mantenance at normal levels of same bypo
thetie cardiac active substauce but at least
ths preparation might provide a baus for
€xperimental 1nveshigation of the pont
It would be of great interest for example
to determine eardioglobulin concentrations m
such a preparation We know m the ease of
fhe rat that an extracorporeal ewrcuit that
cludes a filter with a large air blood wter
facp 18 associated with rapid destruction of
3! parabl destruetion
0ceurs 1n patients subjected to a period on
2 heart lun, macline Whereas there 15 2
comparatiy ely small rhange 10 eardioglobulin
C concuntration during the pumpin, period
°f 30 to 45 muutes we have found that
C oW
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there 19 a marked drop 1n cardioglobulin con
centration durmg the fiist few hours after
surgery During the ensuing 24 hours con
siderable recovery oecurs with cardioglobulin
concentrations aznn approaching normal
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which has no coronary system oxygenation
of dense mammalian ventricular tissue rs uf
ficult to accomplish once the eoronary cireuln
tion 1s mterrupted Because of the difficulty
m oxigenation we would not expeet cat papil
lars musele stimulated at rapid rates to sur
ine withont some metabolic 1bnormality
Tanz for example hts recently published
photomicrographs showing severe histologic
dmage 1 cat papillary muscle stimulated at
1 per second at 37 C for 6 hours 1° Therefore
although a great varety of substances of
biologic origmn have been found to mproie
the performance of mammalian heart prepara
tions 1t 1s difficnlt to judge the physiologic
significance of these findings and none of the
studies provides an answer to our question
about whether there 15 a cardiotonic materal
bound to mimmalian cardinc muscle that 1
lost when the tissue 15 removed from 1ts nor
mal emvironment

Some recent results of our own which are
addressed to this problem cin be seen 1n
figure 2 The studies were made on thm
strips of right ventricle from very voung
rats and the graph shows twitch temsion
plotted s a function of the interval betneen
stimult The upper curve represents the nor
mal pattern found n freshly prepared rat
ventricle After 3 hours of washing m Krebs
bierrbonate solution the lower curve 15 ob
tamed with considerably lower twitch ten
sion over a wide frequeney range This can
be reversed with digitalils or mammalian
plasma and the original decline can be pre
vented if the strip s mamtamed from the
beginning 1n mammtlian plasma In general
1t appears that mammalian eardiac muscle
strips mmmersed 10 an environment which 1s
1de1l with respect to inmor,amie oms and
oxygenation becomes Iy podynamic on pro
loned perfusion and it 15 probable that this
decline 1n contraetiltty can be prevented »f
heart strips are mamtamed in mammahan
plisma

We will now turn to a brief consideration
of studies on mammalian hearts mn situ m
which the vascular connections between the
heart and other organs are partly or com
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pletely severed so that it 15 possible both to
aclueve some control over fictors that affect
myocardial function and to meisure the rate
of utibzation of oxvgen and other metabolie
substrates The prototype preparation 15 of
course the heart lung preparation but there
are also various mteresting modifications n
which 1 or more organs of the body are
excluded from the general crculation It
ws clearly stated by Starling and Visscher-?
that the elassical heart lun, preparation de
teriorates over 2 pertod of several hours a
declme which 15 reflected in both a decrease
m contractility and m efficiency It 15 appar
ent that many factors may contribute to the
decline of mjocardil performance m the
heart lung preparation For example a pe
riod of 1mpaired coronary blood flow 15 almost
mewitable and if prolonged will produce
wrreversible myoecardial damage The heart
lung prepirition 1s deprived of sympathetic
tone and probably undergoes progressive de
pletion of the cardiac svmpathorumetic
amines whieh are an mmportant determinant
of myocardial contractility ¥ arious sub
stances produced by other organs of the body
will not be tvaulable to the heartlung
preparation and these mayv concervably be of
impertance at the level of erther energy pro
duction or of energy utihization Fmally, dis
turbances may be produced by the tubing of
the extracorporeal part of the system, and
embolt may arise either from small clots or
from bits of dried blood that form on the
walls of the ienous resersoir In fact one
einnot overemphasize what a poor perform
ance the heart lung preperation renders com
pared to the intact heart (For mteresting
recent datq see references 21 22 and 23)
Althongh 1t 15 therefore practically impos
sible to find one s wav among the yarious
difficulties 1nk n these prey 1
or 2 facts of mnterest stand out In the first
place 1t becomes appirent from the results
of several groups of investigators that mvo
cardial performnance 1s better when the hiver
and spleen are mcluded in the crula
tion  * ®In some studies the effect of liver
and spleen appear to be primarily on the
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Discussion

Dr Dellasn Dr Hoffman, I sbauld ithe to
ask a question—or 2 guestsons as 3 matter of
fact First do jou beheve that this very o
teresting disturbance, apparently of the all
ornone response of the bundle or bundle
branches negates Curtis and Traws s findings
1 1951 of the all-or none responset

Dr Hefmen No ¥don tthmk gur obsena
tions pegaty the findings of Curtis and Travis
{dm J Physial 16> 173 19,1) If a por
tion of the bundle or f1lse tendon s stimu
Iated and the action potsntial propagates 35
tisste that s fully repolarized conductson
will be oll-or none However if there are lo
cal differences n action potential duration
and 1f for tlns reason propagation enters
partially depolarszed fibers decrumental con
Quetion of block may oceur

Dr Dellaan “ay I go on to the second
queshon? In your elosing comments you men
tioned a graded transition from conduction
eells to typieal ventrienlar cells T assume that
Fou were referring to the electrophysiologi
transiion that 15 the gradual change from
1 type of sction potential to anather Or dd
you have some other evidence that the transt
tion % really a graded one and not mdiwidual
differences hetween celis m & fiber

Dr Hoffman I was thinking of both 1fyou
Penetrate many fibers 1 the temton of the
Junchon you get action potentials that are
typieal of Purhange fibers typical of ventrnien
lar muscle and alse of every eoncenable in
termediate form Also I thought that hugler
#nd Paslns {dnat Ree 126 835 1909)
2mong others had studied the hstolegy of
118 region and <hown at least 3 branches
the perspherat Purlange fibers all m nice
forus 1 the same seetion 1 think they called
these branches 4 B and € they look asf a
eradual progression were present Except for
& fow shdes of our own their anatomie stud

18 dre what I had 1 mind
thz’ oKhodm It 23 very satisfying to learn
Ur anatamse findmngs and Dr Weid
R0t 5 physiolozne ones eoncerning the num
T of cell dissions and thesr role m the

¢
Mation ¥ loms XUV A4 gust 1her

spread of exaitation agree so well There 15
one bt of wformation I should tike to 2dd to
what I said 3esterday In comparing the mm
tercalated dises mn the myoeardium and what
T call the dosmesome ty pe that we find 1o the
cells of the specrfic tissue as percerved in the
bundle of His and its branches the surface of
rontart 15 ascressed at least by a factor of 90
«o th1s a,.am [ think would explam that the
mpulse tratels »o much faster su the speesfic
Tisvue

Dr Werdmann In which kind of cells 15 the
tncre s~ urhinge or mvoeardial?

Dr Rhedin Purkinge Sibers

Dr Paul F (ranefield (Brooklys N 1)
Dr Wadmann s work on the diffusion of po
tassium 15 vers elegant and mmportant The
membrane at the wtercalated dise s obwiously
there anatomacaily and  ever smice thus has
been kugwn there has been a tendency for
people to assume that the dise 33 a barner to
condu twn Its anatomc presence does Dot
JE coursc prove that 1t has any electrophys:
ologse function

I feel that if the dise were to act 23 a direct
smpediment to conduction then 1t should have
« lagh toa tance to the diffusion of sons con
versely 3f 1t did have a low resstance theu
it 1s hard to unagine how 1t conld slow down
propagation n gey way There s i my opin
10n &s of new no acceptable direst evidence
that there 15 any such barner to 1wnie move
ment

T have noticed 1 the fast fow years a sort
of willinguess almost a desire to assume that
this dise 15 ¢ barrier to conduction If we
are forced to aceept the dise as an ympediment
to conduction then we Wl be faced with re
construeting all the electroplyswlom of the
heart on & radically new baws 1 would urge
all those who are not actively engaged m re
suareh bearing on this controversy to use can
tion and &1 eretion 11 adophing this hypothesis
2¢ a posmible explanation for theirr own ob-
wervations

Chawrman Brooks Of cotirse there 15
another view also ereeping 1n T thinh  that
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15, that the dise aids conduetion I agree that
this question of dise effect must be handled
with diseretion

The first 1tem 1n the next discussion 1s a
4 mmute motion pieture film which will bhe
presented by Dr Podolshy

Dr Podolsky Dr Winegrad and Dr Bian
ol showed that caleium 15 made available to
the muscle cell when it 1s stimulated The
question then 15 what happens next? One way
of finding out s to puncture the membrane
with a mreropipette and 1nject chfferent solu
tions 1o the cell This technc was first used
by Heilbrunn and Wiergynsky (J Cell &
Comp Physiol 29 15 1947) and later by
Niedergerke (J Physwol 128 12 P 1950)
and they got striking results by mjecting cal
elum

Another preparation which 1s considerably
more flexible was mnvented by the Japanese
physiologist Nator (Jihethas M J 1 119,
1954) He showed that the membrane of a
simgle muscle fiber could be removed by m:
crodissection and that the preparation was
responsive to applied solution

T should like to show some experiments
made with Nator1 s preparation which dem
onstrate that 1t responds to calerum but not
to sodium or

(Showing of the film with the following
comments by Dr Podolsky )

The membrane has been removed from the
fiber and the m)ofibrils are immersed mn min
eral o1l An ordinary light miseroscope 15 used
for observation The striatioms are quite ob
vwous The pipettes are loaded with various
soluttons Drops can be formed at the tip of
the pipette and then applied to the myofibril
Since the pipettes are loaded with different
solutions the responses can be compared

The first sequence shows a region where the
membrane has been taken off and another
where the membrane 15 mtact The test solu
tion contams calcium at 3 mM When drops
are applied to the region with membrane
there 1s no response Then af they are applied
to the stripped region there 13 2 contraction

that 15 completely reversible
The next experiment shows that 1f caleium

DISCUSSION

15 omitted, there 1s no response Contraction
15 ehicited only n that region of the myofibral
wlich 15 1n contact with the caleium solution
There seems to be no spread of the contrac
tion

The last sequence shows that, 1f calerum 1s
replaced by magnesium there 1s no eontractile
response Also sodium and potassium at eon
centrations of 140 mM, do not trigger off the
contractile mechanism

Chairman Brooks At Dr Weidmann’s re
quest I should like to recognize some people
from Cleveland who are working on this
problem

Dr T Hoshiho (Cleveland Ohio) I should
like to draw attention to the work of Dr
Rothschuh (Arch ges Physiol 225 238
1951) and to some work done with Drs Spere
lakis and Berne (dm J Physiol 198 135
1960 Am J Physwl 198 531 1960, Fed
Proc 19 108 1960 Proc Soc Exper Biol
& ed 101 602 1959) that we feel show up
some difficulties 1o the syneytial  theory
(1) Dr Rothschuh showed that mn cardiac
muscle depolarization upon mjury will
spread for only a short distance less than 1
mm In skeletal muscle such depolarization
will gradually spread over the whole length
of the musele (2) In frog heart perfused with
hypertome solutton quiescent cells with nor
mal resting potentials were found adjacent to
very active cells (8) The resistance of the
single frog ventricular cell was high namely
12 megohms The resistance between 2 cell
mteriors was approximately double this value
(4) We have mduced untdtrectronal propa
gation 1 a predictable direction in frog ven
tricular strips this phenomenon cannoi be
easily explained m terms of a functional syn
cetium (5) We found that tissue DC reust
ance of heart muscle mereased 7 fold when
the nterspace 10n concentration was reduced
by one tenth on the other hand 1n sartorius
muscle where the cells extend almost the
whole length of the muscle the resistance in
crease was only 2 to 3 fold

Finally as shown i figure 1 we measured
the 1mpedance of cat papillary muscle strips
at various frequencies before (open stars)
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and after (sohid stars) intersj :
tion The witral impedance at It
equal to 1 These were compar
pedance of sarforius nusels b t
cles} and after (sohd errchs
tome sucrose for about 1 hour 1
m suerose sartorius musch
dependent of frequency whi
cle mpedance fell shghtly at 1
quenctes  After soaking 1 «u
mauscle mmpedance rose 2 fold i
wdenendent of these frequ s th
other hand cardite musde wy b
101fold &% the Jow frequency az t 3 H o
fieally at the higher frequ oo Aol
higher frequencies Bigh resista 4] Wt
fo be short-eiremited by a cupy 1t wy
nent

These facts taken togetber iy u lo wd:
cate the presence mn cardie mu <l i
‘erse membranes of respectibh 1 sefin ¢
and eapacitanee which probably ire the i
terealated dises High ressstence dixs would
make the funetional syneyham theoretic il
madansable

Dr Werdmann I will be siry breef 1
ik that these membrines hase some re
wistance and ¥ am quite sire that they repre
sent a eapacity The pomt of the ar mment
was really & quantiative one rather than 2
qualitatne one 1 thmh we have o go prt
sately through all of the datn wnd sce what
¢an be done

Dr Eichna 1 guess 1 don t anderstand the
structure of the wmtercslated dros s the
tercalated dise part of the same membrane
that forms the wall of the cell or 15 3¢ kot?

Dr Wewdmann  Ttas part of the same oent
brane The membrane wrappimg the sde of
the cell toward the extracellular wpue 0%
timues directly jnto the disc so I guess it 18
the same material But the funchonsl s:gm‘:i
Citieg of 2 apposed membrapes mn Bt be
the same as that of 1 membrane m contact
with the extracellular space After all the
01 composttion might be different 'mdf tt;:e
Difference may change the resistance O
membrane

Dr Bing I should like to comment o8 Dr

G daton Tl m XUV A qust 1161

53
*
*
.
hY
neany
i -
. . .
Ao
i ® ) PR
0: w oo
Figure 1
; » prdunce versus frequency 1 Tyrodes
It Fom osuerose S K Ordinatezmyy
,/ Fsess a=xfrequency

Hipe ~ observation that the hypodyname
b st fiest observed enly at low frequen
cies but that later on further washing 3t
securs ven st hagh frequencies

It »  crtamly trze that the mechaniea}
cfficrency of the isolated heart s5 low W
were unable to restere normal efferency e
wdmg plasma $rom normal dogs to the per
fusron flmd We have agersbed the decline 1
mechanic i efficiency of the 1olated heart ¢4
deplction of catecholamines in the Perfosion
flud This merease m efficzency oecury ypop
addutson of smal] guantitres of catecholamineg
and upon the melusion of hver ang pleen 1
the perfusion cwrewrt  Howeter the chanpeq
m effiency did not resuit from lDCrea;d
wdhne work but from a dsmmution m my.
cardial oxvgen consumption Tt SOOI 4Gy
that st would be nice to have Pp Hadg
cardioglobin defined more Precisely '

Dr Hejdw Todenl Wxﬂl;oursecond Pou
first the addition of norepinephy, ot
efficiency but does not restors
tractibty te mormal  As 1o g,
fresh blood to restore contmcmny g &
cult by exchange transfusion ’"@u’Ddgl
merease the concentralion of Certay o
stances to orm?  Our own eXprriene, sub.
card@oglobulin brars on thyg ot g, Tt
hme found that m preparapions wh,:,: we
clude an extracorporeal errowy the -

8¢ 1nerease
cardiae 2on
g f&llnre of

Congen
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tration declines rather raprdly and eannot be
brought back by the exchange method

Dr Olson I should like to ask Dr Wine
grad a question With regard to jour very
mteresting cdculatron of molar ratios of
Ca** to actomyosm I take it ou meant myo
sm and not actomyosin Is that correct?

Dr Winegrad These caleulations are very
gross and I will leave disagreement about
the molecular weights to the bioch The

DISCUSSION

Becond, with reference to the specific values
of calemim concentration at umiform distr:
bution these values are of the same order that
Dr Ebashi (unpublished data) has found will
affect the actton of his relaxing factor system
on 1n vitro actomyosm preparations

Three experiments were performed m
whieh the gumea pig atria were stimulated
at 60/minute At this rate the atria could not
their contraction tension for 10 mmn

figure of 500000 was used as an approxima
tion of the actomyosin unit

Dr Olson But the measurements on acto
myosin show that 1t 15 a much larger molecule
Although actin G 15 70 000, actin F 1s about
15 X 10° and the measurements on skeletal
actomyosin show 1t to be an enormous mole
cule of the order of 20 X 10° 1n weight

Dr Winegrad That s night

Dr Olson The thing that occurred to me
1s that caleilum introduced 1 vitro nught
activate myosmn ATPase but in the intact fi
bril Perry (Physiol Rev 36 1 1956) has
shown that magnesium 1s a more effective ac
tivator than calerum The guestion of myosm
ATPase activation by tons 1s very interesting
and still controversial Exen the movie reveal
g an notropie effect of added Ca** which
Dr Podolshy showed 1nvolves coneentrations
of calelum 1ons very much larger than the
amount which you ecalculate move intracelln
larly during contraction Isn t that truet?

Dr Wanegrad There are 2 considerations
m this respect First since uniform drstra
bution of the caleium entering the cell during
contraction 16 probably not immediately
achieved regions with ealerum concentrations
higher than these caleulations show will exist
nside the cell transiently

utes without some dechne A declime n cal
cium uptake per beat also occurred i these
experiments These tissties have been irrever
sibly damaged and have suffered what ene
might call an acute type of failure, possibly
related to the altered calelum metabolism

Dr Olson 1 should like to say one thing
about the origin of the heart failure of re
duced energy utilization All the evidence
suggests that the oxidative process in this
type of heart failure 1s normal A multiple
etiology may be wmvolved for example there
mav be a disturbance 1n some aspect of chem
1cal mechanieal coupling during contraction
or other factors such as Dr Hajdu s plasma
factor or a variety of steroids or the size and
shape of the myosin molecule, may all be enit
1eal for the normal contractile eycle It may
vers well be that ultimately we can clasaift
the heart falure of reduced emergy utthza
tion 1nto several subcategores

Chairman Brooks 1 was hoping we could
end the symposium 1m a blaze of light rather
than in an increasing darkness [referring to
Iights which had just been turned on] Now
that the lights have come on agam_our puf
pose 15 accomplished In closing 1 wish to
thank the panel for their eontribution to this
meeting

The Pulsatile Beat of the Heart
T am oblgel to conclude that 1n ammals the blood 13 dnven round 1m a aremt wib
an unceanng ereular sort of movement that this 13 an actiity or function of the beart
which it carnes out by wirtwe of its pulsahions and that i sum 1t constitutes the sole
reason for the heart s pulsatile movement—W Harvey Motement of the Heart and Blood
sn Ammals Translated by N J Frankln Springfield Il Charles C Thomas 1929 p 87
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tration declines rather rapidly and eannot be
brought back by the exchange method

Dr Olson I should like to ash Dr Wine
grad a questton With regard to your very
mteresting caleulation of molar ratios of
Ca** to actomvosm I take 1t jou meant myo
sm and not actomjosmn Is that correct?

Dr Winegrad These calculations are very
gross and I will leave dicagreement about
the molecular weights to the bioch ts The

DISCUSSION

Second with reference to the spectfic values
of ealetum concentration at untform distrl
bution, these values are of the same order that
Dr Ebashi (unpublished data) has found will
affect the action of his relaxing factor system
on m vitro actomyosin preparations

Three experiments were performed m
which the gminea pig atna were stimulated
1t 60/minute At this rate the atria eould not
therr contraction tension for 10 min

figure of 500000 was used as an approxima
tion of the actomyosm umt

Dr Olson But the metsurements on acto
myosmn show that 1t 1s & much larger molecule
Although actin G 1s 70000 actin F 15 about
15 X 10° and the measurements on sheletal
actomyosin show 1t to be an enormous mole
cule of the order of 20 X 10° in werght

Dr Wainegrad That s night

Dr Olson The thing that occurred to me
1s that calerum mtroduced m vitro might
activate myosin ATPase but in the intact i
bril Perry (Phystol Rer 86 1 1956) has
shown that magnesium 1s a2 more effectine ac
tivator than caleram The question of mvosin
ATPase activation by 10ns 1s very interesting
and still controversial Even the movie reveal
g an motropre effect of added Ca** which
Dr Podolsky showed mvolves concentrations
of calcium 10ns very much larger than the
amount which jou calculate move mntracellu
lJarly during contractien Tsn t that true?

Dr Winegrad There are 2 considerations
1n this respect First sipce umform distn:
bution of the caleium entermg the cell during
confraction 15 probably not mmmediately
achieved regions with caleizm concentrations
higher than these caleulations show will exist
mside the cell transiently

utes without some decline A decline n cal
cium uptake per beat also occurred in these
experiments These tisses have been 1rrever
sibly damaged and have suffered what one
might call an acute type of failure possibly
related to the altered calerum metabolism

Dr Olson 1 should like to say one thing
about the orgin of the heart fatlure of re
duced energv utihzation All the evidence
sugyests that the oxidative process m this
type of heart falure 15 normal A multiple
etiology may be mnvolved for example there
may be a1 disturbance 1n some aspect of chem
1eal mechameal coupling during contraction
or other factors such as Dr Hajydu’s plasma
factor or a vaviety of sterods, or the size and
shape of the myosm molecule, may all be ent
1eal for the normal contractile cyele It may
verv well be that ultimately we can classify
the heart failure of reduced energy utiliza
tion 1nto several subeategories

Charman Brooks 1 was hoping we could
end the symposium 1 a blaze of Iight rather
than in an mereasing darhness [referring to
Iights which bad just been turned on] Now
that the hghts have come on agam our pur
pose 13 accomphshed In closing I twh to
thanuk the panel for their eontribution to thns
meeting

The Pulsatile Beat of the Heart
I am obliged to conclude that m anumils the blood 15 driven round n 2 aremt with
an unceas:ng crrcular sort of movement that this 9 an metivity or funetion of the heart
which 1t carries out by wirtue of ifs pulsations and that in sum 1t constitutes the sole
reason for the heart s pulsatile movement—W Harvey Movement of the Heart and Blood
in Animals Translated by N J Franklin Bpnngfield Tl Charles C Thomas 1958 p 8/
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